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Femur, fracture, oblique, upper third. 
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Healing of fractures is often delayed in the aging patient because im- 
paired osteoblastic activity due to declining sex hormone function causes 
the bone matrix to atrophy. Note incomplete union of fracture (fig. 1) 
in patient with postmenopausal osteoporosis, in contrast with normal 
union (fig. 2) when a proper ratio exists between osteoblastic and osteo- 
clastic activity. 
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According to Reifenstein, some degree of osteoporosis is almost “physio- 
logic” after menopause, and clinical osteoporosis may be found in about 
10 per cent of women over 50 years of age. With combined estrogen- 
androgen therapy given over extended periods, the prognosis for bone 
recalcification is good. This investigator also points out that “older 
women with fractures, particularly of the hip, respond especially well.”* 
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Combining both estrogen and androgen, “Premarin” with Methyltestos- 
terone provides a dual approach for maximum efficiency in treating 
osteoporosis. A brochure outlining full details of therapy is available at 
your request. 


°Reifenstein, E. C., Jr., in Harrison, T. R.: Principles of 
Internal Medicine, Philadelphia, The Biakiston Company, 1950, p. 655. 
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THE RENAL EXCRETION OF INOSITOL BY NORMAL AND 
DIABETIC RATS? 


By WILLIAM H. DAUGHADAY anp J. LARNER ? with tit 


TECHNICAL ASSISTANCE Ot 


ELLABETH HOUGHTON 


(From the Departments of Medicine and Biological Chemistry, Washington University School 


of Medicine, St 


Louts, Mo.) 


(Submitted for publication January 22, 1954; accepted April 8, 1954) 


Inositol is excreted in the urine of patients with 


diabetes mellitus in greatly increased amounts. 
Although this fact has been known since 1859, the 


cumbersome analytic procedures for inositol have 


prevented a thorough study of the mechanism of 


this abnormality (1). In an earlier publication 
from this laboratory a microbiologic assay was em- 
ployed in clinical studies of the urinary excretion 
by normal and diabetic human beings (2). The 
increased amounts of inositol found in the urine 
of diabetic patients was related to glycosuria rather 
than to polyuria. The renal clearance of inositol 
was found to be much higher in diabetic than in 
non-diabetic patients and the administration of 
large amounts of glucose intravenously to non- 
diabetic patients raised the renal clearance of inosi- 
tol to levels found in uncontrolled diabetic patients. 

A comparable increase in the excretion of inosi- 
tol in the urine of diabetic rats has been found. 
This report presents evidence that the inositol ap- 
pearing in the urine of diabetic rats is largely of 
dietary origin. The mechanism of inositol ex- 
cretion has been studied in the rat and observations 
are described which demonstrate that a mecha 
nism exists for the tubular reabsorption of inositol 
which is inhibited by glucose and phlorizin but not 
by a saline diuresis. It is proposed that the renal 
tubular systems for the transport of glucose and 
inositol may be closely related. 


METHODS 


Adult male rats of the University of Illinois stock 


colony were subjected to subtotal pancreatectomy and 


1 This work was supported by a grant-in-aid from the 
Nutrition Research Foundation. 

2 This work was begun while holding a Postdoctorate 
Fellowship of the National Institutes of Health, and 
continued while a Fellow of the Life Insurance Medical 
Research Foundation. Present address: Division of Bio- 
chemistry, Noyes Chemical Laboratory, University of 
Iinois, Urbana. 


were utilized in the experiments summarized in Table | 
In all adult 
rats were used. Diabetes was induced by the intravenous 


other experiments male Sprague-Dawley 
administration of 45 to 60 mg. per Kg. of alloxan (East 


man}. A period of one to three weeks was allowed for 


the recovery from the renal damage resulting from al 
loxam. The presence of diabetes was confirmed by meas 
uring the level of glucose in the blood and urine 

The excretion of inositol by partially depancreatized 
and normal rats on low, medium, and high intakes of 
Diet A was a 
Diet 


B was Purina Fox Chow which on analysis was found to 


inositol has been measured (Table 1.1). 
purified diet ? low in inositol (0.08 mg. per Gm.) 
contain 2.7 mg. of inositol per Gm. High inositol intake 
(Diet C) was obtained by feeding Fox Chow and adding 
inositol to the drinkng water. Because of the differenc: 
in fluid intake, 70 mg. of inositol per ml. of water was 
added for normal rats and 7 mg. of inositol per ml. for 
the partially depancreatized rats. After the animals had 
been eating the diet for six days the inositol excreted in 
the urine was measured. During the period of study rats 
were housed in metabolism cages and urine was collected 
under toluene, free of feces. 

In the observations on alloxan diabetic rats (Table IB) 
the low inositol diet was fed for three days. Inositol was 
then added to the drinking water (100 mg. per ml. for 
normal rats and 50 mg. per ml. for diabetic rats). 


Low Inosttel Diet 
360 Gm 
4 Gm 
1171 Gm 
300 Gm 
80 Gm 
40 Gm 
40 Gm. 


Casein 
Methionine 
Dextrin 

Sucrose 

Salt Mixture (3) 
Cellu Flour 
Corn Oil 

Haliver Oil 1 Gm 
Choline HCl 4 Gm 
Thiamine Hydrochloride 40 mg 
Riboflavin 20 mg. 
Nicotinic Acid 100. mg 
Pyridoxine Hydrochloride 50 mg 
Calc. Panthothenate 
Para Aminobenzoic Acid 600 meg 
a Tocopherol 50 mg. 
2-Methyl 1-4 Naphthaquinone 4 mg 
Biotin 200 mg 
Folic Acid 600 meg 


50) meg 
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TABLE I 


Mean excretion of inositol by norma! and partially depancreatized and alloxan diabetic rats 


Number 
of rats 


Normal rats 


Depancreatized rats 


I epancreatized rats after 
insulin treatment 


Depancreatized rats after 
insulin plus salt diuresis 


Normal rats 


\lloxan diabetic 


A 
Cc 
C 
C 


Urine 
inositol 
me./24 hrs. 


Inositol 
intake 
me. /24 hrs. 


Urine Urine 
vol. sugar 
ml. Gm./ 24 hrs 


10 1.4 0.2 
8 41.0 0.! 
6 1,623.0 0. 


231 ip 5.3 2:5 
153 5 114.0 20.0 
169 ai 1,426.0 400.0 


69 “ 2.3 0.5 
102.0 Lz 

2,965.0 38.0 

0 


2.6 45 
89.0 7 


1.5 0.2 
474.0 12.0 
570.0 2.0 
822.0 20.0 


(Dav 1) 
(Day 3) 
(Davy 6) 

18 1.6 5 
(Day 1 15 1,032.0 209 
(Day 2 16 1,091.0 228 
(Day 3 17 1,196.0 293 


* 10 per cent NaCl given by stomach tube. One rat received 21 ml. in seven doses, the other rat received 20 ml. in 


five doses. 


+ NaCl added to diet 


The intestinal absorption of inositol was measured by 
the method of Cori (4). Prior to study the rats were 
fed the low inositol diet for three days to reduce the 
quantity of inositol in the gut. One hundred milligrams 
of inositol was given by gastric tube. After six hours 
the inositol remaining in the intestinal tract was recovered 
and measured. 

For studies of renal clearance, rats were anesthetized 
with Nembutal® and a tracheotomy was performed. <A 
polyethylene catheter was placed in either the femoral 
or external jugular vein and intravenous injections of 


TABLE II 


Intestinal absorption of inositol in normal and diabetic rats 


Inositol 
Hours ———_—__—_--- —— 
after In 
Num- Weight inosi In gut 
ber Gm. tol meg. mg. 
Normal rats 
Control 3 120 ; 1.8 
Inositol (100mg.) 3 137 104 
Inositol (100mg.) 6 129 6 73.742.63* 1.1 
Diabetic rats 


Inositol 6 104 6 54.345.12* 10.5 


* Standard error of mean. The difference in inositol in 
intestinal contents of normal and diabetic rats was sig- 
nificant, P = <.009 


urine 


5 per cent for one rat and 10 per cent for other rat. 


priming and sustaining solutions were made with a simple 
syringe type infusion pump delivering about 8 ml. per 
hour. Heparin (0.2 mg.) was added to the initial load- 
ing solution. Urine was collected by catheter (5) for 
30-minute periods following which the bladder was 
rinsed with 0.15 ml. of normal saline solution. At the 
midpoint of each period blood from the tail was collected 
in glass tubing (OD 4 mm.). 
the plasma was separated by centrifugation. 

Inositol was measured by the method of Atkin (6) 
with the modifications previously described (2). The 
level of free inositol was determined in plasma after 
barium and zine precipitation of proteins. Urine sam- 
ples were not hydrolyzed routinely because it had been 


After sealing with Pyseal 


found in earlier experiments that inositol is excreted al- 
most totally in the free form. Blood and urine sugar de- 
terminations were performed according to Nelson (7). 


TABLE Ill 


Levels of blood inositol before and six hours after 
100 mg. of inositol by stomach tube 


Blood inositol 


Initial 


6 hours 


mg./100 ml. meg./100 ml. 


Normal rats 5 2.9, S.E.+.20 3.0, S.E. 
Diabetic rats 6 2.3, Sit.2:.32 5.4, SE. 


Number 
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A modification of the method of Folin and Wu (8) was — of intake tested. When insulin was given to dia- 
used for the measurement of creatinine. betic rats in doses adequate to eliminate most of 
the glucose from the urine, the excretion of in- 

RESULTS ositol was found to be nearly normal. 
The influence of dietary intake on the excretion of Inosituria has previously been attributed ” 
polyuria of any cause (9). For this reason an 


inositol by normal and diabetic rats : é : ; ; . 
: experiment was done in which osmotic diuresis 


Normal rats excreted little inositol even at the — was induced by salt administration in diabetic rats 
highest levels of inositol intake (Table 14). Par- receiving insulin. Although urine volume in 
tially depancreatized diabetic rats excreted far creased to levels comparable to that without insu- 
more inositol than did the control rats at all levels — lin, the excretion of inositol remained low. 


TABLE IV 


Renal clearance of inositol in the rat 


Loading sol. Sustaining sol.* Creatinine Inositol 

~ Glucose 
Ino- Ino Clear Clear 

Period sitol Other sitol Plasma Urine ance Plasma Urine = ane Blood Urine 

(30 min.) — mg. meg. Qi Other mg. To mg. ./hr. mg. % me. ./hr. FFIRt mg.% mg 


Control i Pe 5! 0.01 .99 
No. 1 20 ! 3 , fs 0.07 .99 
Wt. 360Gm._ . 1 3 Ne 1.4 .86 


Control LS 23: 3 ; 0.01 2: .99 
No. 2 ; 27.7 26.0 188 5 0.6 .96 
Wt.453Gm. . Bs me 22 Ls .69 


Control 0.01 se Se : ‘ .99 
No. 3 0.05 us 322 1358 4 0K 8 .99 
Wt. 325Gm. 3 pd 0.1 §7.0 34. 2 : a 79 


Diabetic ‘ 0.01 P33 ; i B. 30.3 87 
No. 1 15 0.05 30:3 32: A a. X ts 
Wt. 262Gm. . : 0.1 j 


Diabetic A 0.01 
No. 2 : 0.05 
Wt. 364Gm._ . : 0.1 


Diabetic 5 0.01 
No. 3 : 0.05 
Wt. 266Gm. . - 0.1 


Glucose 5 600 mg. Gluc. 0.01 15% Gluc. 21 
No. 1 : 0.05 15%Gluc. 37. 
Wt. 288Gm. 3 : 0.1 18%Gluc. 43.5 


Glucose 5 900mg.Gluc. 0.01 15%Gluc. 16. 
No. 2 5 0.05 15%Gluc.  46.! 
Wt.273Gm. ; 5 m1 15% Gime: 52. 


Glucose 5 600 mg. Glue. 0.01 10% Gluc. 18. 
No. 3 0.05 10%Gluc. 37. eet 
Wt. 303Gm. . 0.1 10% Gluc. 43.5 34. : : 5.2 109 


Phlorizin if 17.3 : P 3 §661 
No. 1 187 mg. Phlor. 5 43.6 26. Si S. 77 
Wt. 400 Gm. D. 49.7 30.. : : 60 


3.8 , 16 : 
8 ; 39 65 
0 ‘ 


Phlorizin 262 3 
J S, 
0. 41 62 


1 : 1 i 
No. 2 2 187mg. Phlor. 0.1 48.9 7 109 
Wt. 296Gm. 3 0.1 67.2 36.2 108 


* Mannitol (3 per cent) was added to all hypotonic sustaining solutions. Mannitol was found not to affect inositol 
reabsorption. Creatinine (1 per cent) was present in all sustaining solutions. 
. an Clearance of inositol 
+ Fraction of filtered inositol reabsorbed ( 1 - ———— =): 
Clearance of creatinine 
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The results presented in Table 1B indicate that 
the inosituria of alloxan diabetic rats is comparable 
to that occurring in partially depancreatized rats. 
Whereas normal rats excrete negligible amounts 
of large oral doses of inositol, alloxan diabetic rats 
excreted 20 to 25 per cent of that ingested. 


Intestinal absorption of inositol 


Little inositol was present in the gut prior to 
inositol administration and recovery was virtually 
complete immediately after inositol administration 
(Table I). Normal rats were found to have ab 
sorbed 26 per cent and the diabetic rats 46 per 
cent of the inositol which had been given six hours 
This difference was found to be sig 
nificant (p 009). 

Because of the somewhat faster absorption of 


previously. 


inositol from the gut by diabetic rats the concen- 
tration of inositol in the blood after acid hydroly- 
sis has been determined before and six hours after 
the intragastric administration of 100 mg. of inosi 
tol. The mean level of blood inositol in fasted 
normal rats was slightly higher than that of dia- 
hetic rats but the difference is not significant 
(Table IIT). The blood inositol level after six 
hours in the diabetic rats was significantly higher 
than in the control group (p= < .04), despite 
the higher urinary excretion in the diabetic rats. 


The renal clearance of tnositol 

At low levels of plasma inositol the renal clear- 
ance of inositol is very small in normal rats (Table 
IV). 
plasma inositol is available for filtration the tubular 
In Figure 1 the 


If the assumption is made that all the free 


load of inositol can be calculated. 
tubular load has been plotted against the fraction 
of filtered inositol reabsorbed (1-C,,/C..) which 
is indicated on the table as “FFIR.” It 1s apparent 
that inositol reabsorption is virtually complete 
with tubular loads up to 17 mg. per hour. There- 
after increasing amounts of inositol appear in the 
urine. At tubular loads higher than presented in 
Figure 1, the inositol reabsorption increased de- 


spite inosituria and it has not been possible to de- 


fine a definite Tm for inositol. 

The inositol clearance of diabetic rats was at 
least ten times that of the non-diabetic rat. Glo- 
merular filtration was impaired in the most. se- 
Whether 
this was due to alloxan injury or was a result of 
The 
observation of a higher inositol clearance than 
3 may represent 


verely diabetic rat (Diabetic No. 3). 
the severe diabetes could not be determined. 
creatinine clearance in Period 
an analytic error. 


Glucose loading experiments were performed 
to distinguish the effects of hyperglycemia and 
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glycosuria per se from the other metabolic effects 
of insulin insufficiency. Consistent elevations of 
blood sugar were not obtained by intraperitoneal 


Hy- 


perglycemia and glycosuria were induced by the 


or subcutaneous administration of glucose. 


intravenous infusion of glucose in three rats and 
the inositol and creatinine clearances were meas- 
ured (Table IV). 
ance was observed under these conditions up to 


An increase in inositol clear- 


the range of that found in diabetes. 

Phlorizin in a dose of 187 mg. intravenously 
was given to observe the effect on inositol clear- 
ance. Clearance measurements on two rats are 
presented in Table IV. In both rats there was 
a substantial reduction of the fraction of the inosi- 
tol which was reabsorbed by the renal tubule. 


DISCUSSION 


The presence of increased amounts of inositol 
in the urine of rats with experimental diabetes is 
clearly established. Quantitatively the inosituria 
of diabetic rats is determined by inositol intake. 
Needham. that 


associated with polyuria of whatever origin” (9) is 


The contention of “jnosituria is 
not supported by the failure of a salt induced diu- 
resis to re-establish the tmosituria of diabetic rats 
receiving insulin. 

In searching for other explanations for the 
increased excretion of inositol in diabetes mellitus 
the rate of gastrointestinal absorption and_ the 
mechanism of the renal excretion of inositol have 
heen investigated. The intestinal absorption of 
inositol by normal rats is slower than that of the 
common hexoses and pentoses. Under the condi- 
tions examined an average of 3.4 mg. of inositol per 
100 grams of rat was absorbed per hour as com- 
pared to the reported rate of 172 mg. of glucose 
per 100 grams of rat per hour (6). These findings 
agree with the more complete observations of 
Wiebelhaus, Betheil, and Lardy (10). The faster 
absorption of inositol from the gut of diabetic 
rats results in higher blood levels of inositol but 
probably contributes relatively little to the inosi- 
turia of such animals. 

The studies of inositol clearance in the rat con- 
firm the previous observation in man that inositol 
is virtually completely reabsorbed from the glo- 
merular filtrate and the reabsorption of inositol 


is inhibited by glucosuria. A quantitative differ- 


INOSITOL 


BY NORMAL AND DIABETIC RATS 1079 


ence exists between the rat and the human being 
in respect to the degree of inhibition of inositol 
reabsorption by glucosuria. Inositol reabsorption 
was nearly totally abolished by glucose in the hu- 


man; whereas, the inhibition in the rat proved 


incomplete and required a high glucose load for its 


demonstration. The relative specificity of the in 
hibition by glucose is suggested by the lack of ef 
fect of an osmotic diuresis produced by sodium 
chloride on inositol excretion. The addition of 
mannitol to hypotonic infusion solutions was also 
without effect on inositol excretion although diu- 
resis occurred, The above data suggest that glu 
cose and inositol may compete for the same tubular 
reabsorptive mechanism, The reabsorption of 
xvlose has also been attributed to the glucose trans- 
port mechanism on the basis of similar evidence, 
namely the inhibition of xylose reabsorption by 
glucose and phlorizin (11). The interpretation 
of the action of phlorizin on inositol and xylose re- 
absorption is difficult. It is not possible to state 
to what extent the reabsorptive mechanism is in- 
hibited by phlorizin directly and to what extent 


the inhibition is secondary to glycosuria. 


SUMMARY 


1. Depancreatinized and alloxan diabetic rats 
excrete much more inositol in their urine than do 
normal rats. 

2. Whereas the inositol in the urine of normal 
rats is little influenced by dietary intake, that of 
diabetic rats is correlated directly with the amount 
of inositol ingested. 

3. Diabetic rats absorbed inositol faster from 
the gut than did normal rats. The average inositol 
level in the blood of diabetic rats after oral inosi- 
tol was found to be slightly higher than that of 
normal rats despite an increase in urinary excre 
tion of inositol. 

4. An active tubular reabsorption of inositol 
exists. The reabsorption of inositol is inhibited in 
diabetic rats, in rats with non-diabetic glycosuria 
and in phlorizin treated rats. An osmotic diuresis 
produced by sodium chloride did not result in 
inosituria comparable to that found in diabetes. 

5. It is concluded that the inosituria of diabetes 
mellitus can be attributed to an increase in the 
renal clearance of inositol produced by glycosuria. 
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CEREBRAL HEMODYNAMICS DURING CONTROLLED HYPO- 
TENSION INDUCED BY THE CONTINUOUS INFUSION OF 
GANGLIONIC BLOCKING AGENTS (HEXAMETHONIUM, 
PENDIOMIDE AND ARFONAD)? 


By JOHN H. MOYER anp GEORGE MORRIS with THE TECHNICAL ASSISTANCE OF 
C. POLK SMITH 


(From the Departments of Pharmacology, Surgery and Medicine, Baylor University College of 
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Although the acute cerebral hemodynamic re- 
sponse to blood pressure elevation has been stud- 
ied in normal man (1), there is very little informa- 
tion regarding the effect upon cerebral hemodynam- 
ics of reduction in blood pressure to hypotensive 
ranges. A moderate reduction in the systemic 
blood pressure appears to have very little effect 
on the cerebral circulation (2). However, when 
the blood pressure is markedly reduced one would 
anticipate that compensatory vasodilation of the 
cerebral vessels may be exceeded. Accordingly, 
the primary purpose of the current study was an 
estimation of the effect on the cerebral circulation 
of reduction in blood pressure produced by gang- 
lionic blocking agents. An attempt was made to 
determine the critical level of reduction in arterial 
blood pressure beyond which further depression 
might produce cerebral ischemia and cerebral hy- 
poxia. An estimation of this type is especially 
indicated because of the current use of controlled 
hypotension for some surgical procedures. The 
observations on the cerebral circulation in the cur- 
rent study were made on unanesthetized subjects 
in whom the blood pressure was reduced by con- 
tinuous infusion of hexamethonium,? Pendiomide,® 
or Arfonad,* all of which are ganglionic blocking 
agents. 

1 This work was supported in part by grants from the 
Medical Research and Development Board, Office of the 
Surgeon General, Department of the Army under con- 
tract number DA-49-007-MD-314, and the Houston Heart 
Association. 

2 Supplied through the courtesy of Burroughs Well- 
come & Co. as Hexameton, and Warner-Chilcott as Meth- 
1um. 

8 Pentamethyl-diethyl-3-aza-pentane-1, 5 diammonium 
dibromide, supplied through the courtesy of Ciba Pharma- 
ceutical Products as Pendiomide. 

#D-3 4(1’, 3’-dibenzyl-2’ keto-immdizalido) -1,2,-tri- 
methylene thiophanium d-camphor sulfonate, supplied 
through the courtesy of Hoffman-LaRoche as Arfonad. 


METHODS 


Observations on cerebral hemodynamics were made on 
19 normal individuals using the nitrous oxide technique 
(3, 4) for estimating cerebral blood flow. The patients 
were divided into three groups. There were eight pa- 
tients in group A who received hexamethonium, five pa- 
tients in group B who received Pendiomide and six pa- 
tients in group C who received Arfonad. The subjects 
were unanesthetized in order that obvious disturbances 
in cerebration could be detected should they occur when 
the blood pressure was reduced. All but one of the pa- 
tients (No. 9) had normal arterial blood pressure at the 
time the studies were performed. The exception was a 
patient with labile hypertension whose blood pressure 
increased under stress, but was normal most of the time. 
Several additional patients showed a slight increase in 
systolic pressure at the time of the study, probably a re- 
sult of the apprehension associated with the carrying out 
of the procedure. After suitable control observations 
(supine position) the blood pressure was reduced by ad- 
ministering one of the ganglionic blocking agents (hexa- 
methonium,? Pendiomide? or Arfonad*). The cerebral 
blood flow studies were repeated after the desired reduc- 
tion in arterial blood pressure had been obtained and the 
blood pressure had remained stable for 30 to 60 minutes. 
In patients who were particularly sensitive to any of the 
agents, an effort was made not to reduce the mean ar- 
terial blood pressure below 50 mm. Hg because of pos- 
sible deleterious effects on the patient. The blood pres- 
sure was determined by simultaneous direct intra-arterial 
manometry and by auscultation and a mercury sphygmo- 
manometer. The drugs were administered by continu- 
ous intravenous infusion using a concentration of hexa- 
methonium and Pendiomide of 0.5 to 2 mg. per cc. of solu- 
tion and of Arfonad of 4 mg. per cc. of solution in 5 per 
cent glucose in distilled water. The hexamethonium was 
given at the rate of 2 to 8 mg. per minute depending on the 
degree of reduction in arterial blood pressure that was at- 
tained. One patient who was relatively unresponsive to 
hexamethonium was given the drug at a rate of 8 mg. per 
minute for a total of 750 mg. Pendiomide was given at 
the rate of 3 to 6 mg. per minute. Usually a “floor” in 
the blood pressure was reached with both hexamethonium 
and Pendiomide and it was difficult to lower the pressure 
much farther. However, if the infusion was entirely dis- 
continued the blood pressure usually rose 10 mm. Hg or 
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TABLE I 


Cerebral hemodynamic response to blood pressure reduction with hexamethonium, Pendiomide or Arfonad * 


Auscultatory blood pressure 
: - - neat Mean blood 
pressure 


Control Drug 


Syst. Diast. 


Patient 


147 . : 101 53 
120 96 
100 76 
142 ss 100 
128 104 
140 : 98 
140 111 
145 108 


CNOMU PW 


Mean 133 3 99 
P Value 
Mean per centt 
of control 63 67 


Group B. 


Mean 
P Value 
Mean per cent} 
of control 73 


Group C. 
46 
42 
47 


45 
P Value 
Mean per centt 
of control 46 


Mean Value, 
Groups A, B, 
and C 131 


Mean per cent 
of control,t 
Groups A, B, C 
(19 patients) 61 


P Value (19 patients, 


Groups A, B, and C) <0.01 


Cerebral 
blood flow 
Syst. Diast. “ T Cc 


Group A. Response to hexamethoniu 
54 34 
56 40 
52 47 


<0.01 








Cerebral O: 
uptake 


Cerebrovascular 
resistance 


Cc D DT _ D 





D DT 





3 
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mOCAR CUMS 
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Su POUR RO 
A 
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A 
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46 
60 
62 
40 


52 


30 
27 
48 


AK oncom 


w NPN NW 


— 


35 


CN NENRVPNN 
ino SCH CNOe 


A 
2 


75 


44§ 


77 82 75 96 


<0.01 <0.3 





* Mean blood pressure (mm. Hg) = direct arterial manometry; Cerebral blood flow = cc./100 Gm. brain/minute; Cerebral vascular resist- 
ance = mean blood pressure/cerebral blood flow; Cerebral O2: Uptake = cc./100 Gm. brain/minute; C, D, and DT = See Table II for key to 


abbreviations. 


t Includes all patients who received ganglionic blocking agents (hexamethonium, Pendiomide, or Arfonad). 
t Mean value for per cent of control observations of individual studies. 
§ Increase in cerebral blood flow due to head down tilt was not statistically significant, P < 0.2. 


more within a few minutes. When the infusion was then 
started again the pressure could be depressed nearly 
to the previous levels, indicating that the rate of infu- 
sion exerted some effect (although small) on the degree 
of reduction in blood pressure after ganglionic blockade 
was fairly well established. Since the hypotensive re- 
sponse to Arfonad was more marked and the duration of 
action relatively short as compared to hexamethonium 
and Pendiomide, the rate of infusion was more closely 
related to the hypotensive response. Somewhat larger 
doses of this drug were used than in the cases of hexa- 
methonium and Pendiomide. The rate of infusion of 
Arfonad varied from 4 to 21 mg. per minute. After maxi- 
mum blood pressure reduction was attained with these 
agents the concentration of nitrous oxide in the jugular 
venous blood failed to approximate the concentration of 


nitrous oxide in the arterial blood within the usual 10 
minutes. Therefore, it was necessary to continue the in- 
halation of nitrous oxide and sampling procedures for 20 
minutes in order to obtain dependable determinations. 
Following the observations in the horizontally supine 
position the infusion of the blocking agent was continued 
in some of the patients in each group and they were 
placed in a 30 degree head down tilted supine position. 
The manometer was adjusted to the level of the carotid 
artery, and was connected in such a way that it auto- 
matically corrected for the difference in elevation between 
the femoral artery and the carotid artery. After the ar- 
terial blood pressure had stabilized in this position, de- 
terminations of cerebral blood flow were again made. 
Seven of the patients who were not tilted were given a 
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Cerebral blood flow is not depressed to the same de- 
gree as the mean blood pressure is and the pattern of re- 
sponse appears quite erratic. (Data on Dihydroergo- 
cornine taken from Hafkenschiel, Crumpton, and Moyer 
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vasopressor agent (nor-epinephrine or Aramine’) by con- 
tinuous intravenous infusion in order to raise the blood 
pressure back to control levels or above. The rate of 
infusion of the blocking agent was not altered. Deter- 
minations of cerebral blood flow were then repeated. This 
offered additional information regarding the effect of re- 
duction in blood pressure on: cerebral hemodynamics as 
compared to any effect that the blocking agent might 
exert directly on the cerebral vessels. 


RESULTS 


There was a consistent reduction in mean blood 
pressure (P less than 0.01) in all patients. The 
rate of infusion was quite variable, and the total 
amount of drug employed if compared to the dog 
(5,6) would have produced complete vagal gangli- 
onic blockade with all three of the blocking agents. 
After the initial reduction in blood pressure was 
obtained, a “floor” was reached beyond which the 
pressure could not be lowered much farther re- 
gardless of the rate of infusion. If the initial rate 
of infusion was quite rapid the pressure was re- 


5 ‘Aramine’; levo 1-(m-hydroxypheny]) -2-amino-1- pro- 
panol. 
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All are depressed following the establishment of ganglionic blockade with hexamethonium. 
However, when the blood pressure is elevated with an infusion of Aramine, cerebral blood flow 


and CMRO, increase towards the control value. 
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TABLE II 


Effect of blood pressure reduction on cerebral blood oxygen and carbon dioxide * 
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Response to Pendiomide 


7.7 


Mean 
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Mean per cent 
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Mean Value, 
Groups A, B, 
and C 

Mean per cent 
of control,t 
Groups A, B, 
and C 

P Value 
(19 patients), 
Groups A, B, 
and C 


<0.4 <0.01 


<0.01 


47.9 
41.1 
44.6 
38.1 
41.2 


42.6 


48.4 
42.3 
46.1 
38.4 
42.5 


43.5 


102 


Response to Arfonad 


46.9 
43.6 
45.2 
42.3 
46.4 
41.3 


44.3 


49.3 
43.1 
40.0 
43.6 
51.6 
43.8 
45.2 
>0.5 


102 


<0.10 





*C = Control; D = After blood pressure reduction with ganglionic blocking agent; DT = Thirty degree head down tilt during continuous 


infusion of blocking agent; P CO: = Partial pressure of carbon dioxide. 


t Mean value for per cent of control observations of individual studies. 


duced farther and could be maintained at a lower 
level than if the drug was given more slowly dur- 
ing the initial infusion. This type of response was 
particularly marked with Arfonad. Although the 
blood volume is not greatly altered with these hy- 
potensive agents (7), the taking of as little as 15 
to 20 cc. samples of blood would frequently cause 
a sharp reduction in blood pressure which per- 
sisted for 5 to 20 minutes. The explanation of 
this response to the taking of such small amounts 
of blood is not obvious to the authors. 

When the mean blood pressure, determined by 
direct arterial mercury manometry, is compared 
to the auscultatory pressure there is usually a 


parallel reduction. However, at lower levels of 
pressure, the mean blood pressure which was de- 
termined manometrically occasionally approached 
the auscultatory diastolic pressure. This should 
be considered when only auscultatory observations 
on blood pressure are taken during surgical pro- 
cedures employing controlled hypotension. 

The blood pressure frequently did not increase 
significantly when the patient was placed in a 30 
degree head down tilted position. In the three 
patients receiving Arfonad there was no increase 
after head down tilt perhaps a reflection of the 
greater degree of vasodilatation in these patients. 
The ganglionic blocking agents were administered 
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at the same rate in the tilted position as they were 
in the horizontal position, thus maintaining equiva- 
lent degrees of ganglionic blockade. 

In the horizontally supine position, the cerebral 
blood flow was depressed (Groups A, B, & C) fol- 
lowing the reduction in blood pressure in 17 out of 
19 subjects, (P less than 0.01) but the change was 
usually not marked. Percentagewise the reduc- 
tion in cerebral blood flow was not as marked as 
the reduction in mean blood pressure (Figure 1). 
Presumably, when the blood pressure is only 
slightly reduced initial vasodilatation is adequate 
(2). However, at lower levels of blood pressure, 
compensatory vasodilatation is insufficient to main- 
tain the cerebral blood flow. 

As the blood pressure was reduced, the oxygen 
was extracted more completely from the blood 
flowing through the brain. Asa result, the jugular 
blood oxygen content was reduced (Table II) 
(P less than 0.01). This compensation (increased 
oxygen extraction) was not always adequate, and 
there was a general tendency for cerebral oxygen 
consumption (CMRO,) to decrease. However, 
there were only four patients in whom the cere- 
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bral oxygen uptake per minute was reduced more 
than 0.5 cc. In all of these patients, the blood pres- 
sure was reduced to 60 mm. Hg or below. The 
reduction in CMRO, for 19 patients was not sta- 
tistically significant (P less than 0.3). 

There was no effect on the blood carbon dioxide 
except that the carbon dioxide content of jugular 
blood increased slightly (P less than 0.10). Par- 
tial pressure of carbon dioxide in arterial blood was 
not altered (Table II). The blood (arterial and 
venous) pH’s were not altered significantly. For 
example, the mean arterial pH’s for hexame- 
thonium and Pendiomide during the control pe- 
riods were 7.47 and 7.47, respectively, and were 
7.50 and 7.46 after the drugs. The pH’s were not 
altered by the head down tilt. The average venous 
pH’s for hexamethonium and Pendiomide were 
7.40 and 7.41, respectively, before the drug and 
7.41 and 7.41 after it. After the tilt the pH’s 
were 7.42 and 7.41, respectively. As with hexa- 


methonium and Pendiomide, the arterial and ve- 
nous blood pH’s were not altered significantly by 
the administration of Arfonad. 

Generally, the subjective manifestations for the 


TABLE III 
Side reactions to hexamethonium, Pendiomide and Arfonad and the effect on the respiratory rate, pulse rate, and hematocrit 











Respiratory rate Pulse rate 


Patient C* D* DT* 


Hematocrit 


D DT Side effects during maximum hypotension 





Response to hexamethonium 


16 
24 
14 


CNAME WN 


43 Restless 
40 Marked apprehension—improved on tilt 
35 Felt chilly 

Stuffy nose 

Restless 

None 

Irregular respirations 

None 


Group B. Response to Pendiomide 


115 115 34 36035 
93 89 37 37s 38 


96 888 40 40 40 
82 80 38 38 «37 
106 — 45 40 — 


Irregular respirations, lethargy 

Restless, cerebral symptoms, lethargy— 
improved on tilt 

None 

None 

None 


Group C. Response to Arfonad 
91 Dizzy, disoriented, nausea 
Restless, vomited 
None 
None 
Restless 
Dizzy, restless, nausea, confused 





* C = Control observations. 
D = After blood pressure reduction with blocking agent. 
DT = Observation with thirty degree head down tilt while receiving blocking agent. 





1086 


patients in this study more or less paralleled the 
observations on cerebral blood flow and cerebral 
oxygen consumption (CMRO,). Signs of cere- 
bral hypoxia (restlessness, dizziness, syncope, dis- 
orientation) were not significant except in some 
of the patients in whom the mean arterial blood 
pressure approached 55 mm. Hg or fell below this 
level. The mean arterial blood pressure was re- 
duced to 48 and 52 mm. Hg, respectively in the 
two patients (numbers 14 and 19) who became 
disoriented. However, in another patient (num- 
ber 15) the mean blood pressure was reduced to 44 
mm. Hg without producing disorientation, but 
this patient became nauseated and vomited. It ap- 
pears that when the mean pressure was reduced be- 
low 55 to 60 mm. Hg the ability of the cerebral 
circulation to adjust adequately for the prevention 
of hypoxia was unpredictable. The response to 
Arfonad (Tables I and II) was essentially the 
same as to hexamethonium and Pendiomide ex- 
cept that the degree of reduction in blood pressure 
with Arfonad was slightly greater than with the 
latter agents. Consequently signs of hypoxia 
were more frequently encountered when the blood 
pressure was reduced with Arfonad. Symptoms 
of hypoxia which were associated with the reduc- 
tion in blood pressure improved when the head was 
tilted down despite the fact that the observations 
did not indicate a significant increase either in cere- 
bral blood flow or in cerebral oxygen uptake. 
The effect on cerebral hemodynamics of raising 
the blood pressure from hypotensive to normo- 
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tensive levels with Aramine or nor-epinephrine is 
demonstrated in Table IV. The mean arterial 
blood pressure increases more than cerebrovas- 
cular resistance. As a result, cerebral blood flow 
increases. At the same time the A-VO, difference 
decreases and cerebral oxygen consumption in- 
creases slightly. 


COMMENTS 


It appears that normotensive patients are con- 
sistently able to prevent cerebral hypoxia by a 
combination of vasodilation and increased extrac- 
tion of oxygen from the blood when the blood pres- 
sure is not reduced below a mean pressure of about 
55 to60 mm. Hg. A number of patients (but not 
all) will even be able to adjust to blood pressure 
levels below 55 to 60 mm. Hg but it is unpredic- 
table whether or not the compensatory adjustments 
will be adequate to prevent hypoxia. It is obvious 
in Figure 1 that there is no direct relationship be- 
tween cerebral blood flow and mean arterial blood 
pressure. Initially, vasodilatation is nearly com- 
plete as was seen with Dihydroergocornine (2) in 
Figure 1. However, as the blood pressure was 
reduced farther, cerebral blood flow was depressed. 
When the mean blood pressure fell below approxi- 
mately 55 to 60 mm. Hg cerebral oxygen uptake 
was also depressed in some patients. Although 
maximum vasodilatation may have occurred in 
these patients, it would appear that the brain is 
able to extract oxygen more completely (when 
the cerebral arterial blood pressure is adequate) 


TABLE IV 


Observations on cerebral oxygen metabolism and cerebral hemodynamic response to blood pressure elevation with 


vasopressor agent following initial hypertension due to ganglionic blockade 
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3 Hexamethonium 
5  Hexamethonium 
6 Hexamethonium 
Hexamethonium 
3¢ Pendiomide 
t Arfonad 
Arfonad 


Norepinephrine 100 140 
Aramine 104 105 
Aramine 98 118 
Aramine 108 120 
Norepinephrine 111 110 
Norepinephrine 96 105 
Norepinephrine 96 120 
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* See Table IA for methods of measurement. 


t When blood pressure increased from 110 to 145 the cerebral blood flow decreased to 38 and the arterial-venous 


oxygen increased to 3.4 volume per cent. 


t When blood pressure increased from 105 to 155, the cerebral blood flow decreased to 49 and the arterial-venous 


oxygen increased to 6.1 to 6.3. 
§ C—Control observations. 


D—Observations after blood pressure reduction with ganglionic blocking agent. 


Vv— 


Observations after blood pressure elevation with vasopressor agent. 
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from the blood flowing through it, as has been 
previously demonstrated under conditions of hy- 
perventilation (8) and after the administration of 
Aminophylline (9). The failure of more complete 
extraction of oxygen in the current study may be 
due in part to inadequate perfusion of plasma and 
oxygen through the capillary walls at these re- 
duced blood pressure levels. 

The reduction in cerebral blood flow appears to 
be related to the degree of blood pressure reduc- 
tion rather than to the blocking agent employed. 
Since Arfonad is the most potent of the ganglionic 
blocking agents used one can expect to approach or 
pass below this critical level more frequently with 
this agent than with hexamethonium or Pendio- 
mide if maximum blood pressure reduction is em- 
ployed. Henry, Gauer, Kety, and Kramer (10) 
concluded that under conditions of gravitational 
stress, unconsciousness was not lost until the mean 
arterial blood pressure approached 25 mm. Hg. 
This is probably related to their method for lower- 
ing the blood pressure (positive acceleration) and 
the conclusions are hardly applicable to the cur- 
rent study. Scheinberg and Stead (11) observed 
that when the mean cerebral arterial pressure was 
reduced from 84 to 55 mm. Hg by changing from 
the supine to the upright position, there was a sig- 
nificant reduction in cerebral blood flow. This 
is in essential agreement with the current obser- 
vations. 

Cerebral vasoconstrictor tone is probably not 
affected directly by blockade of the sympathetic 
ganglia because procaine blockade of the superior 
cervical ganglia (12, 13) fails to increase cerebral 
blood flow. Since cerebral blood flow is most 
likely regulated by autonomous regulatory mecha- 
nisms at the local tissue level, the depression in 
cerebral blood flow which occurs during hypo- 
tension is merely a reflection of inadequate hydro- 
static pressure. In the current study, when a vaso- 
constrictor agent was administered and the blood 
pressure raised from hypotensive levels to normo- 
tensive ones, the cerebral blood flow increased. 
The increase in cerebral blood flow which occurs 
under these conditions is in direct contrast to the 
cerebrovascular response to these same pressor 
agents (14) when administered to normotensive 
individuals with a subsequent increase in blood 
pressure to hypertensive levels since under the 
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Fic. 3. CEREBRAL BLoop FLow ExXpRESSED AS PER 
CENT OF ContTROL PLOTTED AGAINST OXYGEN CONSUMP- 
TION EXPRESSED IN THE SAME MANNER 

Cerebral blood flow is depressed in excess of cerebral 
oxygen consumption due to increased extraction of oxy- 
gen from the cerebral blood. 


latter circumstances cerebral blood flow is re- 
duced. If the reduction in cerebral blood flow 


which also occurs following the administration of 
ganglionic blocking agents were not a result of 


the hypotension, then raising the pressure with 
an adrenergic drug would not be expected to in- 
crease cerebral blood flow, but might actually re- 
duce it (14). If such a pressure-flow relation- 
ship is accepted, then the value of vasopressor 
agents in the treatment of normal volemic hypo- 
tensive states seems well substantiated in so far 
as cerebral blood flow is concerned. These obser- 
vations would tend to invalidate the suggestion 
(1) that the use of vasoconstrictor agents such 
as norepinephrine might depress cerebral blood 
flow when used for the treatment of severe hypo- 
tensive states. 

The failure of head down tilt to increase cere- 
bral blood flow was a completely unexpected ob- 
servation, and one for which the authors have no 
explanation. Some of the patients who demon- 
strated mental disturbances during hypotension 
were improved when the head was tilted down. 
This observation is not necessarily incompatible 
with the observations of a continued reduction in 
average cerebral blood flow per unit volume of 
brain since the improvement in cerebral function 
may merely represent improved circulation to the 
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cortical areas rather than an increase in the total 
amount of blood flowing through the brain. 


SUMMARY AND CONCLUSIONS 


1. Observations have been made on the cerebral 
hemodynamic response of 19 patients during con- 
trolled hypotension employing a continuous infu- 
sion of one of three ganglionic blocking agents; 
i.e., hexamethonium, Pendiomide or Arfonad. 
Arfonad appeared to be the most potent hypoten- 
sive agent and the one with the shortest duration 
of action. A “floor” in the blood pressure was 
reached with all three agents, beyond which it was 
difficult if not impossible to reduce the blood pres- 
sure. It was possible to attain a maximum re- 
duction in blood pressure by initially administering 
the blocking agent at a rapid rate. This was most 
apparent with administration of Arfonad. 

2. After the blood pressure was reduced, cere- 
bral blood flow decreased in 17 out of 19 subjects. 
The degree of reduction in cerebral blood flow was 
related to the degree of reduction of blood pres- 
sure rather than to any particular blocking agent. 
As the cerebral blood flow decreased, the oxygen 
was extracted more completely from the blood 
flowing through the brain, thus maintaining cere- 
bral oxygen consumption. When the blood pres- 
sure was reduced below 55 to 60 mm. Hg this 
compensation was sometimes inadequate which 
resulted in a reduction in CMRO, (< 0.5 cc. per 
minute) and occasional symptoms of cerebral hy- 
poxia. When the blood pressure was then raised 
to normotensive levels with a vasopressor agent, 
cerebral blood flow increased towards normal, thus 
indicating that the reduction in cerebral blood flow 
during the administration of the ganglionic block- 
ing agent was probably due to the hypotension. 
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Among the acute adjustments of the normal hu- 
man to orthostatic posture is a diminution in the 
rate of excretion of water and certain electrolytes 
(2, 3). This is associated with variable reduc- 
tions of renal plasma flow and glomerular filtration 
rate (2, 4) and may actually occur without any 
appreciable change in the latter (3). The changes 
in renal hemodynamics are related to a fall in blood 
pressure and cardiac output which usually follows 
the assumption of upright posture (5, 6). 

The causal sequence leading to orthostatic anti- 
diuresis and antisaluresis is unknown. In acute 


experiments Pitressin administration leads to wa- 
ter retention without antisaluresis (7). That anti- 
saluresis may occur without antidiuresis is less 
clear, although there is evidence that it may occur 


during alcohol diuresis (8, 9) which probably 
works through depression of the supraoptic pos- 
terior pituitary system. It also apparently occurs 
in venous congestion of the limbs in patients with 
diabetes insipidus (10). Orthostatic antisaluresis 
is reported to have been blocked by neck con- 
striction (11) and legwrapping (12). Hypo- 
tonic expansion of the extracellular fluid volume in 
hydrated recumbent subjects results in increased 
sodium excretion (13). On the other hand, the 
administration of hyperoncotic albumin solutions 
results in diminished sodium excretion (14). In 
this instance antisaluresis is related to antidiuresis 
and is at least partially independent of the posterior 
pituitary since it occurs in patients with diabetes 
insipidus (15). 

It was the purpose of the experiments reported 
here to investigate the effect on salt and water 
excretion of upright posture complicated as little 


1A preliminary report appeared in abstract form (1). 

2 Aided in part by a grant from the Life Insurance 
Medical Research Fund. 

8G. D. Searle Fellow in Experimental Medicine. 
Present address: University of California Medical School, 
Los Angeles 24, California. 


as possible by vasomotor changes. An attempt 
was also made to determine whether the antidiu- 
resis and the antisaluresis of standing are inter- 
dependent or controlled by separate mechanisms. 
To this end three sets of experiments were per- 
formed. In the first the effect of standing on salt 
and water excretion was measured. In the sec- 
ond an attempt was made to inhibit the secretion 
of Pitressin by administering alcohol to the sub- 
jects. In the third set of experiments legwrapping 
was employed to inhibit postural antisaluresis. 
The results obtained in the last two sets of ex- 
periments were compared with the first, using 
each subject as his own control. 


METHODS 


The subjects were normal adult laboratory personnel 
and medical students. No attempt was made to con- 
trol the diet over the days preceding the experiments. 
The experiments were done in the morning with the 
subjects fasting. Upon arising in the morning the sub- 
jects emptied their bladders, noted the time and ingested 
250 to 400 cc. of water. Upon arrival at the laboratory 
they again voided (U:) and then rested supine. Voided 
urine was collected every 20 minutes and 150 cc. of water 
were ingested after each urine collection. After water 
diuresis had been established (one to two hours), the 
subjects were tilted to 60° from the horizontal position 
for one hour. To avoid marked shifts in fluid compart- 
ments and vasomotor effects the subjects were encour- 
aged to shift their legs occasionally during this hour. 
Following the orthostatic period, urine collections were 
made for another hour with the subject supine. The 
experimental period was thus bracketed by two control 
periods. This was considered important because of 
known fluctuations in salt and water excretion during 
various hours of the day, and from day to day. The ex- 
periments were performed in a quiet room with only es- 
sential personnel entering and leaving the room. Smok- 
ing was interdicted because of the antidiuretic and vaso- 
motor effects associated with it. 

In the experiments in which alcohol was administered, 
25 ce. of 95 per cent ethanol and 125 cc. of grapefruit 
juice were substituted for the 150 cc. of water ingested 
at the time of tilting and 20 minutes before it. This is 
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TABLE I 


Control experiments 





Control period preceding tilt Maximum tilt effect Last period of second control 


Creati- Creati- Creati- 
nine Urine Na cl K nine Urine Na Cl K nine Urine Na cl K 
clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ 
Subject ance min. min. min. min. ance min. min. méin. min. ance min, min. min. min. 


M.L.P. 121 -143 .101 .086 
M. B. 119 176 .138 .140 
M. B. 107 290 195 .137 
C. M. 111 .284 .276 .143 
EV. N. 83 179 .144 .089 
147 .151  .139 


D. McC. 96 
M. Y. 96 154 .181 .088 








191 .156 .110 125 F 063 .053 .029 152 
112 .092 .106 101 : 040 .065 .066 111 
M77 .225 153 97 a 082 .115 .052 108 
.348 = .339  .159 100 45.105 .147 .078 109 
.208 .180 .107 70 75 045 .082 .064 81 
102.106 .117 87 : 053.076 .077 101 
.180 .226 .049 84 : 090 .142 .020 83 
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TABLE II 


Experiments in which alcohol was given before tilt 











Control period preceding tilt Maximum tilt effect Last period of second control 
Creati- Creati- Creati- 
nine Urine Na cl K nine Urine Na Cl K nine Urine Na Cl K 
clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ 
Subject ance im. min. min. mién. ance min. min. min. min. ance min, min. min. min. 











M.L.P. 144 DP, SMe eke, nee 111 10.7 .068 .058 .081 126 | 089 .091 
M. B. : Bee 8. 101 Es 052.034 104 $6 . 079.134 
371 = .360 .138 119 + 073 .036 100 : ae -110 .044 
AZS. .i31 M35 87 30 078 .019 84 Ad hi .143 .032 
210 .227 .047 111 Se 107.014 116 4 149.088 











TABLE III 


Experiment in which alcohol was given but subject remained supine through usual tilt period 











Control period preceding tilt Maximum tilt effect Last period of second control 





Creati- Creati- Creati- 

nine Urine Na cl K nine Urine Na Cl K nine Urine Na Cl K 

clear- ml./ mEg./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEqg./ mEq./ mEq./ 
Subject ance min. min. min. min. ance min, min. min. min. ance min. min, min. min. 


M.L.P. 148 iS.5 97. 100. .125 140 15.8. ..126...128 .052 130 5.8 .130 .105 .042 








TABLE IV 
Experiments in which legs were wrapped before tilt 











Control period preceding tilt Maximum tilt effect Last period of second control 





Creati- Creati- Creati- 
nine Urine Na cl K nine Urine Na cl K nine Urine Na cl K 
clear- ml./ mEq./ mEq./ mEq./ clear- ml./ mEg./ mEq./ mEq./ clear- ml./ mEq./ mEq./ mEq./ 


Subject ance min. min. min. min. min. min. min. min. ance min. min. min. 


Mot. P.... 457 13.6 .181 .177 .090 142 .128 .073 127 36 295 172 Bis 
M.L.P. 137 136 .141 .122 .086 .082 .057 131 6 135 .104 .087 
M. B. 134 168 .164 .088 144 .156 .067 142 8 229 ..160 . O92 
C. M. 120 264 .340 .111 216 .262 .076 115 Ll gis aon 7 
C. M. 109 338 .274 .161 216 .235 .141 98 6 .268 .244 .151 
E.V.N. 106 .206 .219 .141 080 .106 .077 101 2.159 .184 .095 
E.V.N. 107 178 .203 .124 098 .155 .095 104 Se ton 179 110 
D.} ‘ 98 040 .046 .027 024 .059 .037 98 7 063 .101 .052 

98 .208 .266 .101 082 .142 .101 92 2 204 .235 ..104 
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equivalent to about three whiskey highballs and pro- The bandages were removed as soon as the supine position 
duced a mild degree of inebriation in the subjects. was again assumed. 

In the experiments in which legwrapping was employed In order to avoid the effects of pain only one veni- 
the legs were wrapped tightly with three inch “Ace” puncture was performed in most of the experiments. 
bandages from the toes to the groin just before tilting. This is thought to be justified because changes in serum 
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concentrations were slight while the changes in urinary 
constituents were marked. 

Creatinine determinations were performed on serum 
and urine immediately after the experiment by the method 
of Peters (16). Sodium and potassium were measured 
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Fic. 3. Tue Errecr oF LEGWRAPPING ON THE Pos- 
TURAL ADJUSTMENTS OF SALT AND WATER EXCRETION 


with a Beckman Model B. flame photometer. Chloride 
was measured by the potentiometric method of Sanderson 
(17). 


RESULTS 


Pulse and blood pressure were determined and 
remained fairly constant in all experiments. The 
means of the three groups were: Tilt alone; supine 
P 65, B.P. 117/75, standing P 70, B.P. 120/83. 
Alcohol experiments; supine P 61, B.P. 115/73, 
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standing P 78, B.P. 113/77. Legwrapping ex- 
periments; supine P 66, B.P. 121/78, standing 
P 70, B.P. 121/84. 

In order to conserve space only one collection 
period from each control and the experimental 
hour is shown in Tables I to IV. The last collec- 
tion of the two control periods and the experi- 
mental period in which maximum effect was noted 
are used. The three types of experiments on one 
of the subjects are shown in Figures 1-3. Table V 
is derived from the preceding tables by dividing 
each experimental result by the comparable figure 
in the first control so that each experimental re- 
sult is expressed as a percentage of the control. 
Figures 4 and 5 are derived from Table V. In 
these figures each subject’s tilt experiment served 
as a control for the legwrapping and alcohol ex- 
periments. The latter are expressed as percent- 
ages of the control study, 7.e., (Tilt/Supine) (al- 
cohol) + (Tilt/Supine) (Control study) x 100 
per cent. 

In most of the experiments there was a fall in 
creatinine clearance to about 90 per cent of the 
control values. In the uncomplicated tilt experi- 
ments there was usually a greater percentage fall 
in water excretion than there was in electrolyte 
excretion so that the urine was concentrated as 
compared with the control period. In most of the 
experiments the greatest electrolyte change was 
in sodium and the least in potassium ; chloride ef- 
fect was intermediate. When alcohol was adminis- 
tered salt excretion fell more than in the uncom- 
plicated tilt experiments while water excretion re- 
mained at 90 per cent of the control value on the 
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TABLE V 
Comparison of maximum tilt effect to control 
period preceding tilt 
Each number represents the ratio: 
Value in tilt period 


Value in control period * i 











Creati- Urine 
Subject nine flow Na cl 





A. Experiments with tilt alone 


M. L. P. i 2 33 34 
M. B. : 36 71 
M. B. 2 46 51 
C.M. 30 43 
EV. N. 22 45 
D. McC. 52 72 
mM. Y: 50 63 


B. Experiments in which alcohol was given 


M.L. P. 77 91 34 27 
M. B. 90 97 33 47 
C. M. 95 55 15 20 
wick. 100 112 53 59 
ek fe 97 75 42 47 


C. Experiments in which legs were wrapped 


+ ie 86 
98 

100 

90 

96 

93 

89 

89 

85 





average with production of a dilute urine. In a 
single experiment in which alcohol was given 
without the 60° tilt, water excretion rose while 
salt excretion fell slightly during the second hour 
(Table III). 

In some of the legwrapping experiments the ex- 
pected postural antidiuresis was diminished, but 
this was not always the case. On the other hand, 
there was a consistent reduction of the expected 
postural antisaluresis. This effect is most notice- 
able when each subject’s uncomplicated tilt experi- 
ment was used as control for the legwrapping 
experiment. 


DISCUSSION 


From the data it can be suggested that the 
mechanisms controlling salt and water excretion 
under the stimulus of standing can function to a 
large extent independently. That alcohol pro- 
duced inhibition of an expected orthostatic antidiu- 
resis suggests that this postural adaptation may 
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be under supraoptic posterior pituitary control, 
although it may have been due in part to a sup- 
pression of antidiuretic activity existing before the 
tilt. The result is the converse of water retention 
without salt retention produced acutely by the ad- 
ministration of Pitressin (7). 

There are several possible explanations for the 
reduction in postural antisaluresis produced by 
legwrapping. Postural antisaluresis may be pro- 
duced by a stretch of veins in the lower part of 
the body. The increase over the control orthostatic 
antisaluresis in the alcohol experiments is not in 
agreement with this, since the blood volume is, if 
anything, diminished by the subsequent dehydra- 
tion. The collapse of veins in the upper part of 
the body is a possible explanation, but the anti- 
saluresis produced by hyperoncotic albumin (13) 
is not in agreement. The latter expands the in- 
travascular space at the expense of the interstitial 
fluid space. The antisaluresis may be mediated in 
part by the fairly consistent 10 per cent fall in 
creatinine clearance which occurred upon standing. 
However, it should be noted that the fall in cre- 
atinine clearance was approximately the same 
whether or not the legs were wrapped. Since the 
postural antisaluresis was diminished following 
legwrapping, the fall in glomerular filtration rate 
is not an adequate explanation for the entire pos- 
tural effect on salt excretion. 

A loss of interstitial fluid from some volume 
sensitive area is a reasonable explanation for 
postural antisaluresis. Both the legwrapping and 
alcohol experiments support this suggestion, as do 
the experiments of Strauss, Davis, Rosenbaum, 
and Rossmeisl (13) who administered hypotonic 
solutions which would in part expand the inter- 
stitial space. The antisaluresis produced by hy- 
peroncotic albumin (14, 15), venous compression 
of the legs (18) and the superior vena cava syn- 
drome (19) are probably caused by the mechanism 
responsible for postural salt retention. It is diffi- 
cult to reconcile the observations of Lewis, Buie, 
Sevier, and Harrison (11) in which it was sug- 
gested that the volume sensitive locus is in the 
cranium because postural antisaluresis was in- 
hibited by neck constriction. This observation 
does not fit with the observations on the superior 
cava syndrome (19) in which intracranial venous 
pressure is also high. Netravisesh (20) was un- 
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able to confirm the neck constriction experiments, 
and in a single experiment employing the control- 
tilt-control protocol, neck compression failed to 
block the expected postural antisaluresis, although 
the compression was enough to produce facial 
edema. 

Partially independent posture-sensitive mecha- 
nisms for the control of salt and water excretion 
seem to be present. Normally they function to- 
gether and altering one of them may change the re- 
sponse of the other. In the light of present knowl- 
edge the best explanation is that there is some lo- 
cus sensitive to the volume of the interstitial space 
which initiates postural antidiuresis and antisalu- 
Postural antidiuresis mediated 


resis. may be 


through the posterior pituitary. The pathway 
mediating postural antisaluresis is not clear at 


this time. 
SUMMARY 


In the normal human subject undergoing mod- 
erate water diuresis quiet standing resuits in a 
slight depression of creatinine clearance and a 
marked depression of sodium, chloride, potassium, 
and water excretion as compared with control 
measurements in the supine position. If the legs 
are wrapped with elastic bandages before the or- 
thostatic position is assumed the depression of 
salt excretion is inhibited with varying effect on 
the antidiuresis. On the other hand, administra- 
tion of alcohol inhibits the orthostatic antidiuresis 
and enhances the orthostatic 
excretion. 

It is suggested that there are separate postural 
adjustments of water and salt excretion, the 


inhibition of salt 


former under diencephalic posterior pituitary con- 
trol and the latter under the control of some 
mechanism sensitive to the distribution of inter- 
stitial fluid. 
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Recent studies have shown that the clinical and 
laboratory findings of hemophilia can be dupli- 
cated by at least two other blood coagulation dis- 
orders of related nature. In each case, laboratory 
studies have revealed a prolonged whole blood 
clotting time, reduced utilization of prothrombin in 
the course of clotting, and correction of the defect 
by the addition of small amounts of normal plasma. 
In none of these newly reported cases has a cir- 
culating anticoagulant been demonstrated, and all 
had normal amounts of fibrinogen, prothrombin, 
and both prothrombin conversion accelerators. 
On the basis of such findings these new conditions, 
like hemophilia, may be considered to involve a 
disturbance in intrinsic thromboplastin formation 
of the blood. 

That the condition traditionally designated, 
“hemophilia” is not a disorder of uniform nature 
was first suggested in 1947 by the studies of Pav- 
lovsky (1) wherein it was found that the blood of 
certain “hemophiliacs” improved clotting in others. 
In 1950, Koller, Kriisi, and Luchsinger (2) re- 
ported on a family of bleeders whose blood was 
likewise corrective against the coagulation defect 
of classical hemophiliacs, and for the first time rec- 
ognized that a new disorder accounted for this 
phenomenon. The investigations of Aggeler, 
White and their co-workers (3-5) on a patient 
of this type established the existence of a new 
plasma thromboplastic factor. The new factor was 
found to contrast sharply with antihemophilic fac- 
tor (AHF) by its presence in serum as well as 
plasma, its stability to storage at refrigerator tem- 
perature, its complete adsorption by barium sul- 
fate, and its precipitation from plasma only at con- 
centrations of ammonium sulfate greater than 40 
per cent. Moreover, AHF is found mainly in 
Cohn’s fraction I; the new factor is in fractions 
III and IV. 

Reports of cases probably similar in nature soon 
followed. The name, “thromboplastin component 


(PTC) deficiency” was chosen for the disease by 
Aggeler and his co-workers (3). Biggs and as- 
sociates (6) designated it “Christmas Disease” 
and Soulier and Larrieu (7) suggested the use of 
hemophilia A and B to differentiate the two dis- 
orders. 

Recently, Rosenthal, Dreskin, and Rosenthal 
(8) described still another hemophilia-like condi- 
tion which appears to be due to the deficiency of a 
third plasma thromboplastic factor. This third 
factor has been named “plasma thromboplastin 
antecedent (PTA).” The coagulation disorder in 
these patients is corrected by both hemophilic and 
PTC-deficient plasma, as well as by normal plasma 
and serum. PTA was found to be absent from 
the 0 to 20 per cent ammonium sulfate precipitate 
of normal plasma, but was present in the 20 to 33 
per cent fraction. As in the case of PTC, PTA 
was absent from fraction I of Cohn. Although 
normal plasma which had been adsorbed with 
barium sulfate corrected clotting in PTA-deficient 
patients, a partially purified PTC preparation 
made from a barium sulfate eluate of normal 
plasma was also partially corrective. 

The studies to be described in the present re- 
port suggest the existence of an additional new 
member of the plasma thromboplastin complex 
and a corresponding deficiency thereof, resulting 
in another hemophilia-like disorder. 


Report of case: The patient, C. C., was a thirty-one 
year old white American male who had had frequent and 
severe epistaxes from the ages of seven to eighteen. Dur- 
ing this period four dental extractions were each followed 
by consistent oozing from the gums lasting one to two 
months. At the age of eighteen the patient was in an 
airplane crash, and as a result of injuries required an 
amputation of the right leg below the knee. Ten days 
after this procedure the wound began to bleed, and per- 
manent hemostasis was not obtained for four months. 
Four revisions of the stump were attempted in the suc- 
ceeding six year period, and each of these procedures 
was accompanied by post-operative bleeding lasting up- 
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wards of one month. Following the first revision blood 
transfusion therapy was attempted but no beneficial results 
were noted. Other than a liability to easy bruising, 
neither hemarthroses nor any other hemorrhagic mani- 
festations were reported. 

The past history revealed nothing of significance, but 
the patient stated that there were both male and female 
bleeders in his family, as shown in Figure 1. 

Physical examination was unrevealing save for the well- 
healed amputation stump. Routine laboratory studies 
were all within normal limits. 


METHODS 


Blood was collected as follows: Two syringes were 
used. A small amount of blood was aspirated into the 
first syringe, and this was discarded. With the needle left 
in the vein the second syringe was then applied, and the 
necessary blood withdrawn. Uncoated glassware was 
used throughout the study except as otherwise indicated. 
For the preparation of plasma, one part of 0.1 molar po- 
tassium oxalate was used to nine parts of blood. All 
clotting procedures were carried out at 37° C. 

Coagulation times of whole blood were performed by 
the Lee-White three-tube method, but the serum pro- 
thrombin determinations were obtained from a fourth 
tube which had not been tipped or otherwise manipulated. 
Plasma prothrombin was estimated according to the tech- 
niques of Ware and Stragnell (9), and by the Quick 
method (10). Serum prothrombin was determined four 
hours after clotting, by the method of Ware and Stragnell 
(9). Fibrinogen and labile factor were measured by the 
method of Quick (10), proconvertin according to Owren 
and Aas (11), and anti-thrombin as described by Kay, 
Hutton, Weiss, and Ochsner (12). Excessive anti- 
thromboplastic activity was excluded as accomplished by 
Lewis and Ferguson (13) using Difco® thromboplastin 
in serial dilution. The thrombin generation test was per- 
formed according to the method of Pitney and Dacie (14). 
In this test plasma is recalcified, and at measured inter- 
vals aliquots of the mixture are added to tubes contain- 
ing fibrinogen solution. The clotting time of each fibrino- 
gen sample thus treated indicates the rate of thrombin 
generation in the recalcified plasma. 
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TABLE I 
Patient's blood coagulation profile 








Normal values 


230,000/cu.mm. 200,000-400,000 
22-32 minutes 8-20 minutes 


90% 
80-100% 





Platelets 
Coagulation time 
Plasma Prothrombin 
(Quick) 
Plasma Prothrombin 
(Ware and Stragnell) 
Serum Prothrombin 
Labile factor 
Proconvertin 
Fibrinogen 
Clot retraction 
Rumpel-Leede 


80-110% 
75-110% 
35 


250-400 mg. % 


negative 





Thromboplastin generation was studied by the tech- 
nique of Biggs and Douglas (15). The basis of this test 
is the finding that in the presence of adequate calcium 
ion, a mixture of normal platelets, serum, and depro- 
thrombinized plasma produces a potent thromboplastin. 
This thromboplastin can be measured by its activity in 
shortening the clotting time of normal recalcified plasma. 

Platelet-poor native plasma was prepared from the 
patient’s and normal blood in the following manner: All 
glassware was silicone-coated, and needles were treated 
with Arquad®. Processing was accomplished at 0° C. 
The blood was first centrifuged at 2,500 rpm for ten 
minutes, and the plasma was pipetted into a second set 
of tubes. These were then spun at 30,000 rpm in an In- 
ternational Refrigerated Centrifuge for thirty minutes. 
The resulting plasma, free of anticoagulants, was used 
promptly for tests of platelet function. 

For the preparation of platelet suspensions, the blood 
was collected into silicone-coated glassware. Seques- 
trene® was used as the anticoagulant, 0.4 cc. of a 10 per 
cent solution having been used per 15 cc. of blood. The 
blood was first centrifuged at 1,000 rpm for ten minutes, 
and the platelet-rich plasma separated. The platelets 
were collected by centrifugation at 3,000 rpm for thirty 
minutes, and washed twice in isotonic saline. They were 
finally suspended in a volume of saline such that a con- 
centration of about 100,000 per cu. mm. resulted. 

Platelet activity was determined by adding 0.9 cc. of 
native plasma to 0.1 cc. of platelet suspension. Four hours 
after clotting of this mixture, the prothrombin content 
of the resulting serum was measured as described above. 

Both for measurement of activity of various blood 
derivatives in correcting the patient’s clotting defect, and 
for the determination of AHF, PTC, and PTA in the pa- 
tient’s blood, a similar technique was used. In each case, 
the appropriate plasma, serum, or protein fraction was 
diluted as indicated in Results, and 0.1 cc. was added to 
1.9 cc. of the freshly drawn whole blood being used as the 
indicator of activity. The mixture was allowed to clot, 
and serum prothrombin measured after four hours of in- 
cubation. Studies on the clotting times of such mixtures 
were not undertaken because it was felt that the inac- 
curacy of the clotting time was too great to permit ade- 
quate interpretation. 
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Fic. 2. EvoLtuT1ion oF THROMBIN IN PATIENT'S RECAL- 
CIFIED PLASMA COMPARED TO NoRMAL CONTROL 


The concentrated PTC preparation used in these stud- 
ies was prepared by adsorption of Cohn’s fraction IV 
with barium sulfate, and elution of this barium sulfate 
with sodium citrate (4). 

The ability of the patient’s plasma and serum to acti- 
vate purified prothrombin, was kindly measured by John- 
son, according to her recently published technique (16). 

Ammonium sulfate fractionation of normal plasma was 
accomplished as outlined by White, Aggeler, and Glen- 
dening (4). The resulting plasma fractions and plasma 
fractions of Cohn! were tested in concentrations propor- 
tional to their original plasma values. 


RESULTS 
A. Identification of a new coagulation disorder. 


Coagulation of the patient’s blood. Table I 
shows the results of clotting studies performed on 
the patient’s blood. Of these tests, only the clot- 
ting time and the prothrombin consumption were 
abnormal. However, neither of these abnormali- 
ties was profound. A further reflection of the im- 
paired blood coagulation was seen in the evolution 
of thrombin in recalcified plasma; the appearance 
of thrombin was delayed, and the peak concentra- 
tion attained was somewhat below normal (Fig- 
ure 2). 

The clotting defect is more nicely demonstrated 
in the thromboplastin generation test, in which it is 


1 Kindly provided by the Cutter Laboratories, Berkeley, 
California, 
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evident that there is marked retardation of thrombo- 
plastin formation (Figure 3). Characteristic pat- 
terns were obtained by substituting singly, rea- 
gents prepared from the patient’s blood. Abnor- 
mal curves were obtained when either the patient’s 
deprothrombinized plasma or serum was used ; but 
when his platelets alone were substituted, throm- 
boplastin generation was normal. These findings 
differ from those of both hemophilia and PTC de- 
ficiency. In hemophilia thromboplastin genera- 
tion is abnormal only when deprothrombinized 
plasma is substituted; in PTC deficiency the test 
is positive only when serum is substituted. In 
PTA deficiency any substitution produces im- 
provement (17). The results of this test also in- 
dicate that platelet function was normal, and this 
finding is confirmed by other studies of platelet 
activity. 

The activation of purified prothrombin by the 
patient’s serum and plasma is shown in Figure 4. 
There is considerably reduced activity in the 
plasma, but the serum gives essentially a similar 
curve. This pattern is similar to that found in 
hemophilia, but differs from the one obtained in 
PTC deficiency where the serum is even less active 
than plasma. 


All norma! reagents. 
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TABLE Il 
Studies of platelet function * 








Serum 
prothrombin 
Mixture (%) 





Normal plasma + saline 

Normal plasma + normal platelets 
Normal plasma + patient’s platelets 
Patient’s plasma + saline 

Patient’s plasma + normal platelets 





* Residual serum prothrombin 4 hours after clotting, 
when 0.1 cc. of platelet suspension was added to 0.9 cc. of 
“native” plasma. 


A test for antithromboplastin was negative 
(Table III). In each case the addition of the 
diluted thromboplastin was as effective against 
the patient’s plasma as in the control. The anti- 
thrombin titer of both the patient’s and control 
plasma was 1: 64. 

Platelet studies. As can be seen from Table I, 
platelets were normal in number, and clot re- 
traction was adequate. That the platelets like- 
wise had normal clotting activity is shown in Table 
II. The patient’s platelets restored normal pro- 
thrombin consumption to normal, platelet-poor 
native plasma. In contrast, normal platelets added 
to the patient’s platelet-poor native plasma did not 
result in comparable prothrombin consumption, 
although an excess of normal platelets was able to 
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TABLE III 


Clotting time in seconds, of patient's plasma when 
treated with diluted thromboplastin 








Control 
clotting 
time 


14.5 


Patient's 
clotting 
time 


14.0 


Reagent added 





Thromboplastin 
(undiluted) 
37.0 


Thromboplastin 35.0 


(1:100 
47.0 


Thromboplastin 
(1:200) 





improve clotting further. These findings are in 
conformity with those obtained in the thrombo- 
plastin generation test, and indicate that the clot- 
ting defect resides in the plasma rather than in 
the cellular elements of the blood. 

Studies of previously described plasma thrombo- 
plastic factors. The activity of the patient’s plasma 
in improving clotting of hemophilic, PTC-defi- 
cient, and PTA-deficient blood is shown in Table 
IV. In each case, the ability of the patient’s 
plasma to improve prothrombin consumption com- 
pares favorably to that of normal plasma. Simi- 
larly, hemophilic, PTC-deficient, and PTA-defi- 
cient plasma and serum were effective in restoring 
normal prothrombin consumption to the patient’s 
blood, as shown in Table V. 


B. Properties of the deficient factor. 


Stability. The stability of the clotting factor 
lacking in the present patient is shown in Table 


TABLE IV 


Activity of various plasmas and sera against 
patient's clotting disorder * 








Improvement in 
prothrombin 
consumption 


Preparation added (% control-% test) 





Normal plasma 

Normal serum 

Hemophilic plasma 
PTC-deficient plasma 
PTC-deficient serum 
PTA-deficient plasma 
Patient’s plasma stored frozen 
Patient’s serum 

Saline 





* One-tenth cc. of undiluted plasma or serum was added 
to 1.9 cc. of the patient’s blood, and the serum prothrombin 
determined 4 hours after clotting. The control is the 
serum prothrombin of the patient’s unmodified blood incu- 
bated at the same time. 
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TABLE V 
Activity of patient's plasma against thromboplastic disorders * 








Serum 
prothrombin 
(%) 


Combination of : 





Hemophilic blood alone 100 
2% patient’s plasma + hemophilic blood 34 
2% normal plasma + hemophilic blood 42 


PTC-deficient blood alone 80 
5% patient’s plasma + PTC-deficient blood 24 
5% normal plasma + PTA-deficient blood 22 


Same as 


Patient’s plasma + PTA-deficient blood 
normalf 





*In each case 0.1 cc. of the patient’s plasma appropri- 
ately diluted was added to 1.9 cc. of test blood, and the 
serum prothrombin determined 4 hours after clotting. 

{ Rosenthal, R. L.: Personal communication. 


VI. In each case, 0.1 cc. of undiluted plasma 
was added to 2 cc. of the patient’s whole blood, and 
the serum prothrombin determined four hours 
after clotting. The activity of normal plasma is 
stable with storage for at least one week at room 
or refrigerator temperature; indeed, the activity 
of the plasma appears to be somewhat enhanced 
after storage. However, at 56° C. it is rapidly de- 
stroyed. Thus, in its storage properties the new 
factor resembles PTC, although it is even less 
stable to heat. In contrast, AHF is extremely 
storage-labile, and relatively heat-stable. Com- 
parable data are not available for the stability of 
PTA. 

Fractionation behaviour. The activity of vari- 
ous preparations of nomal plasma is indicated in 
Table VII. The activity is not removed by re- 
peated treatment of plasma with barium sulfate. 
Passage through a Seitz filter containing 50 per 
cent asbestos removes a considerable amount of 
activity, but those with lower concentrations have 


TABLE VI 
Stability of plasma activity * 








Improvement in 
prothrombin 
consumption 


Type of plasma % control-% test) 


Stored at 4° C. for 1 week 37 
Stored at 20° C. for 1 week 34 
Heated at 56° C. for 5 minutes 2 








*One-tenth cc. of plasma was added to 1.9 cc. of the 
patient’s blood, and the serum prothrombin determined 
4 hours after clotting. The control is the serum prothrom- 
bin of the patient’s unmodified blood incubated at the 
same time. 


COM PONENT 


TABLE VII 
Activity of plasma fractions * 








Improve- 
ment in 
prothrombin 
consumption 
(% control- 


Plasma fraction added % test) 





Barium sulfate plasma 28 
Fraction I 0 
Fraction II 0 
Fraction III 21 
Fraction IV 30 
Fraction V 0 
Seitz-filtered plasma (50% asbestos) 19 
PTC concentrate (8-fold concentrate) 42 
PTC concentrate (reconstituted) 10 
Precipitate from 25% ammonium sulfate plasma 8 
Precipitate from 33% ammonium sulfate plasma 23 
Precipitate from 50% ammonium sulfate plasma 30 
Supernatant from 50% ammonium sulfate plasma 10 








* Each fraction was used in its normal plasma concen- 
tration. One-tenth cc. of the fraction was added to 0.9 
ce. of the patient’s blood and the serum prothrombin 
determined 4 hours after clotting. The control is the 
serum prothrombin of the patient’s unmodified blood in- 
cubated at the same time. 


little effect. In these respects its behaviour is 
similar to that of AHF. 

Although the new factor differs from PTC 
with respect to its adsorption on barium sulfate, 
there is similarity in the Cohn fractions wherein 
they are found. Of the various fractions tested, 
only fractions III and IV were active. AHF, in 
contrast, is found in fraction I, and PTA in III and 
IV (17). Likewise, the new factor resembles 
PTC in that 50 per cent ammonium sulfate satu- 
ration is required for maximal precipitation from 
normal plasma. It differs from AHF and PTA 
which are found in the 33 per cent ammonium sul- 
fate fraction (18). An unexpected finding was 
that of activity in a concentrated PTC prepara- 
tion which was prepared from an eluate of barium 
sulfate used to adsorb fraction IV. 

Survival of the factor in vivo. It was anticipated 
that the corrective effect of normal plasma on the 
patient’s blood clotting in vivo would be compar- 
able to its in vitro activity. This has not proved 
to be the case. The following forms of transfu- 
sion therapy were tried: 250 and 500 cc. of fresh, 
citrated plasma, 100 cc. of heparinized serum, 350 
cc. of whole blood by direct transfusion, and 100 
cc. of 10 per cent fraction IV. In each case there 
was little or no change in either the patient’s whole 
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blood clotting time or prothrombin consumption. 


The minimal changes that were noted had all disap- 
peared within an hour after completion of the 


transfusion. 
DISCUSSION 


The above data indicate that the following con- 
clusions are justified: 7) The coagulation defect in 
our patient appears to result from defective plasma 
thromboplastin formation. This is reflected in the 
diminished utilization of prothrombin in the course 
of his blood clotting, and the retarded generation 
of thromboplastin in the Biggs and Douglas test. 
2) The origin of the defect does not reside in the 
platelets; for the patient’s platelets behave nor- 
mally both in the thromboplastin generation test 
and in their ability to restore normal prothrombin 
consumption to “native” normal plasma. More- 
over, in both of these situations, normal platelets 
failed to correct the patient’s clotting defect. 3) 
The disorder does not result from lack of antihe- 
mophilic factor, as shown by several tests. Mix- 
ing the patient’s blood with hemophiliac blood pro- 
duces mutual correction of clotting in each case. 
In the thromboplastin generation test substitution 
of either the patient’s serum or deprothrombinized 
plasma resulted in an abnormal curve, whereas in 
the hemophiliac it is only the plasma substitution 
which gives an abnormal result. The corrective 
activity of normal plasma for our patient was stable 
on storage, but labile to heat. AHF is storage- 
labile and relatively heat-stable. For our patient 
corrective activity was found in serum, Cohn’s frac- 
tions III and IV only, and in the precipitate from 50 
per centammonium sulfate saturated normal plasma. 
AHF is not found in serum, is mainly concentrated 
in Cohn’s fraction I, and requires only 33 per cent 
ammonium sulfate for its precipitation from nor- 
mal plasma. 4) The differentiation from PTC de- 
ficiency is likewise sharp. Here, too, there is mu- 
tual correction of the clotting defect with mixing 
of respective bloods. PTC deficiency also shows 
a characteristic and different pattern in the throm- 
boplastin generation test in that it produces an ab- 
normal curve only when serum is substituted. 
In the activation of purified prothrombin the 
present patient’s plasma and serum were both 
equally defective; whereas in PTC deficiency the 
serum is even more defective than plasma. The 
activity of normal plasma against our patient’s de- 
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fect is not removed by adsorption with barium sul- 
fate, or by low asbestos Seitz filtration; whereas 
PTC is completely removed by either of these 
procedures. 

Differentiation of the present disorder from 
PTA deficiency is primarily based on the tests 
of mutual correction of one blood with plasma of 
the other. PTA activity is maximally precipitated 
with 33 per cent ammonium sulfate, and fur- 
ther differentiation is provided by the thrombo- 
plastin generation test in which substitution of 
either normal plasma or serum provides correc- 
tion for PTA deficiency. 

Clinically the thromboplastic disorders differ in 
their response to transfusion. In hemophilia the 
effect of blood or plasma is quite transient, usually 
lasting less than 24 hours. In PTC deficiency 
there is a considerably more prolonged effect, 
and coagulation tests may not return to control 
levels for three weeks following a transfusion (4). 
An intermediate response is seen in PTA defi- 
ciency (17) in that transfusion produces an effect 
lasting about one week. Our patient was quite 
refractory to any form of transfusion therapy. 

On the basis of these findings, it would appear 
likely that there is an additional plasma thrombo- 
plastic component which is distinct from AHF, 
PTC, and PTA. However, the introduction of 
a new coagulation factor must be made with 
greatest caution, and artefact must be carefully 
excluded. In the present case, three such pos- 
sibilities warrant serious consideration. 1) Ex- 
clusion of a deficiency in one of the previously 
known factors is based on the traditional method 
of measuring the ability of the patient’s plasma or 
serum to correct clotting in known defective bloods. 
The underlying assumption in such a method is 
that there can be correction only by supplying the 
substance specifically lacking. Such an assump- 
tion does not admit the possibility of nonspecific 
correction, a simple example of which would be 
the corrective activity of trypsin on hemophilic 
blood (18). It has been our experience that pro- 
thrombin consumption in mixtures of normal 
bloods may exceed that obtained in either alone. 
As the clotting in our patient was only moderately 
abnormal, the activity of the other abnormal plas- 
mas in correcting his defect could possibly have 
resulted from non-specific activity. On the other 
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hand, it is less likely that his plasma could improve 
so markedly the severely abnormal bloods of the 
patients with known disorders, on a non-specific 
basis. At least in the cases of established hemo- 
philia and PTC deficiency, such non-specific cor- 
rection has not been found. 2) A combined but 
partial deficiency of two of the previously described 
factors could result in a situation by which addi- 
tion of a blood defective in one of them would re- 
sult in improved clotting. Such a case has ac- 
tually been reported by Soulier and Larrieu (19), 
in which hemophilia was combined with PTC de- 
ficiency. However, each deficiency was clearly 
demonstrated by a suitable assay procedure. It 
would seem unlikely that a major defect of a fac- 
tor would be missed by the present techniques, as 
the patient’s plasma was used only in high dilu- 
tion when tested against the other defective bloods. 
3) The present syndrome could be produced by a 
circulating anticoagulant. The failure of trans- 
fusion to improve the patient’s clotting underlines 
this possibility, although the active agent could, 
like prothrombin, be very rapidly metabolized 
(20). Such an hypothetical anticoagulant would 
have to be present in extremely low concentration, 


for as little as 1 per cent normal plasma produced 
appreciable improvement of the patient’s pro- 


thrombin consumption in vitro. All attempts to 
demonstrate such an anticoagulant were unsuccess- 
ful, nor is it easy to see where in the coagulation 
process it could act without at least partially 
neutralizing one of the other known thrombo- 
plastic components. In some of the reported pa- 
tients with circulating anticoagulants, it has been 
demonstrated that there is specific neutralization 
of AHF (15, 21). Nevertheless, these considera- 
tions indicate the need for independent confirma- 
tion before the suggested new coagulation factor 
can be accepted without reservation. This has 
been provided to a certain degree by the finding of 
an additional patient whose blood resembles that 
of ours. Rosenthal (17) has studied a blood evi- 
dently defective in thromboplastin formation which 
is corrected by plasma of patients with hemophilia, 
PTC deficiency and PTA deficiency, but not by 
the plasma of our patient. 

On the assumption that a new coagulation fac- 
tor has indeed been unearthed, the question of 
terminology is immediately presented. Several 
techniques of nomenclature are in current use. In 
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one, the new disorder is given the name of the 
first family in which it was detected (Moena 
Anomaly, Christmas Disease). A second method 
attempts to apply descriptive terms to the miss- 
ing factor as it appears to function in the clotting 
mechanism, thus: plasma thromboplastin com- 
ponent (PTC), plasma thromboplastin antecedent 
(PTA). Such terms imply that the place of the 
factors in the coagulation scheme is established, 
although the accompanying data are less conclu- 
sive. Moreover, this system does not have the 
flexibility to incorporate newly discovered factors. 
The system of nomenclature proposed by Soulier 
and Larrieu (7) is perhaps more satisfactory for 
the present needs. According to this scheme the 
various thromboplastic disorders are lettered, so 
that classical hemophilia is “hemophilia A,” PTC 
deficiency is “hemophilia B,”’ PTA deficiency is 
“hemophilia C,” and the present disorder “hemo- 
philia D.” The difficulty involved in Soulier and 
Larrieu’s system is the implication that all these 
conditions are variations of the same disease, 
whereas the data indicate that they are distinctly 
different disorders with similar clinical pictures. 
Therefore, Aggeler, White, and Spaet (22) prefer 
to retain the name “hemophilia” for the classical 
disease and append Greek numerical prefixes for 
the other thromboplastin deficiency diseases. 
PTC deficiency thus becomes deuterohemophilia, 
PTA deficiency tritohemophilia and the present 
disorder tetartohemophilia. These authors sug- 
gest a uniform nomenclature for the corresponding 
coagulation factors in which the generic term for 
the group is “plasma thromboplastic factor 
(PTF).” Each factor would be identified by an 
appended letter as follows: PTF-A (AHF), 
PTF-B (PTC), PTF-C (PTA), and PTF-D 
(present factor). 


SUMMARY 


A patient is reported with a blood clotting ab- 
normality consisting of a prolonged coagulation 
time, reduced prothrombin utilization, and retarded 
generation of plasma thromboplastin. No anti- 
coagulant was demonstrable, and all previously 
described coagulation factors were normally pres- 
ent. Normal plasma was corrective for the defect, 
and activity was found in serum, Cohn’s fractions 
III and IV, and in the 50 per cent ammonium sul- 
fate saturation precipitate of normal plasma. The 
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activity was heat-labile, storage-stable, not ad- 
sorbed on barium sulfate, and removed only by 
high concentration asbestos Seitz filters. Trans- 
fusion of blood or its fractions did not improve 
the patient’s clotting. 

It is tentatively suggested that there is a previ- 
ously undescribed coagulation factor concerned 
with the formation of plasma thromboplastin. It 
is proposed that this new factor be called, “plasma 
thromboplastic factor D (PTF-D),” and that its 
deficiency be named, “tetartohemophilia.” 
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The renal disease, ascites, subcutaneous edema, 
and hyperlipemia induced in rats by injection of 
rabbit anti-rat kidney serum comprise a syndrome 
which closely resembles the nephrotic state as it 
occurs in humans (1). This provides a unique op- 
portunity to study the mechanism(s) of the dis- 
turbed lipid metabolism of the nephrotic state. 
In previous studies from this laboratory it was 
found that the hypercholesteremia of nephrotic 
rats cannot be ascribed either to an increased in- 
testinal absorption of dietary cholesterol (2) or 
to an increased hepatic synthesis of endogenous 
cholesterol (3). In the present study the role of 
exogenous lipids is further assessed, the data 
showing that the development of experimental 
nephrotic hyperlipemia and hypercholesteremia is 


independent of dietary fat. 


METHODS AND MATERIAL 


Twenty male rats (Long-Evans strain), were injected 
intravenously with 0.5 ml. of rabbit anti-rat kidney serum 
(1) on each of two successive days. Seven of the rats 
(Group I) were fed a fat and sterol-free ration for five 
days prior to injection of immune serum, and continued 
to ingest this ration. Eight rats were fed stock labora- 
tory ration (Group II) and five others (Group III) in- 
gested stock ration supplemented with cholesterol (2 per 
cent of the diet) and cholic acid (1 per cent of the diet). 
The cholesterol and cholic acid-supplemented diet also 
was fed to six normal rats (Group IV) which were not 
injected with anti-kidney serum. A fifth group of ten 
other control rats (Group V) were fed stock ration. 

Each rat was bled from the tail six days after the in- 
jection of immune serum, and assay made according to 
previously described methods of the plasma concentra- 
tions of total cholesterol (4) and total lipids (5). Four 
days later similar determinations again were made in the 
rats ingesting stock ration (I) and the fat-sterol-free 
diet (II). 


1 Aided by grants from the American Heart Association 
and research grant A-46 from the National Institute of 
Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service. 


RESULTS 


Six days after the administration of immune 
serum all of the injected rats exhibited ascites, and 
lipemic-turbidity of their plasma. Table I pre- 
sents the averages and ranges of plasma total lipids 
and total cholesterol values obtained from the 
nephrotic rats fed stock ration (Group II), those 
fed the diet free of fats and sterols (Group I), and 
the normal rats fed stock ration (Group V). The 
data show that the rats fed the fat-sterol-free diet 
developed a degree of hyperlipemia and hypercho- 
lesteremia equal to, or slightly greater than that 
developed by the nephrotic animals ingesting stock 
ration. The nephrotic rats of both groups ex- 
hibited a similar degree of ascites, subcutaneous 
edema, and grossly apparent turbidity of the 
plasma samples. 

The ingestion of a ration containing excess cho- 
lesterol and cholic acid has been shown to induce 
chronic hypercholesteremia in rats (6, 7), due 
to the increased intestinal absorption of cholesterol 
effected by simultaneous administration of cho- 
late (8). The effect of ingesting this supple- 
mented diet for six days upon the hyperlipemia 
and hypercholesteremia of nephrotic rats and of 
the plasma lipids of normal rats is presented in 
Table II. It can be seen that both the hyper- 
lipemia and hypercholesteremia were of much 
greater magnitude in the nephrotic rats (Group 
III) fed the cholesterol and cholate supplement, 
than in the nephrotic animals fed stock ration 
without the supplement (Group II). The normal 
control rats which ingested the cholesterol and 
cholate supplement (Group IV) also developed a 
moderate rise of plasma total lipids and total cho- 
lesterol in this interval. However, the magnitude 
of the hypercholesteremia was of lesser degree 
than the difference observed in the nephrotic rats 
which ingested the supplemented diet (Group 
III) when the latter are compared with the ne- 
phrotic rats which were fed the stock ration 
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TABLE I 


Effect of sterol free diet upon development of hyperlipemia and hypercholesteremia of nephrotic rats * 








Average 
’ weight 
Group Type of rat Diet (Gm.) 


Average plasma concentration (mg./100 cc.) 
Day 6 Day 10 
Total lipids Total lipids 











Cholesterol Cholesterol 





I Nephrotic Fat and 120 
Sterol free 


Stock 125 


Ration 


Stock 
Ration 


II Nephrotic 


Normal 10 140 


485 2073 
(425-530) (1650-2700) 


196 968 
(109-266) (291-1710) 


157 832 409 1298 
(108-324) (327-1710) (299-518) (820-1670) 


48 183 
(39-63) (135-227) 





* Range of values in parentheses. 


(Group II). The ingestion of the cholesterol- 
cholate supplement did not otherwise appear 
grossly to affect the nephrotic state of the rats of 
Group ITI. 


DISCUSSION 


The present finding that the hypercholesteremia 
of the nephrotic rat occurs in the complete absence 
of dietary lipid is in accord with our earlier ob- 
servation (2) that there is no increase in the rate 
of intestinal absorption of cholesterol in this dis- 
order. In view of the fact that there also does not 
appear to be any increase in the rate of endogenous 
manufacture of cholesterol by the liver (3), it 
appears that the hypercholesteremia can only be 
due to a failure primarily of the liver to remove 
plasma cholesterol at its usual rate (9). In con- 
firmation of this latter view is the present obser- 
vation that additional intestinal absorption of 
cholesterol (8) by cholesterol-cholate feeding leads 


to a greater retention of cholesterol in plasma of 
nephrotic rats than in that of normal rats. The 
disorder then appears to be one in which choles- 
terol is “trapped” in plasma. Whether the excess 
cholate in plasma also observed in this sydrome 
(9, 10) causes the hypercholesteremia, as it was 
found to do in biliary obstruction (11), or whether 
it simply intensifies the degree of hypercholestere- 
mia cannot be stated with certainty at this time. 
The tendency of the remainder of the lipid com- 
ponent of plasma to behave exactly as cholesterol 
does in all of these studies of course suggests that 
the mechanism responsible for the plasma reten- 
tion of the latter is also operative in the retention 
of the former. 


SUMMARY 
The development of hyperlipemia and hyper- 


cholesteremia was studied in nephrotic rats fed a 
normal diet, a ration free of fats and sterols, and 


TABLE II 
Effect of excess dietary cholesterol upon hyperlipemia and hypercholesteremia of nephrotic rats 








Type of rat 


Diet 


Average plasma concentration 
(mg./100 cc.)t 


Total lipids 


Average 
weight 
(Gm.) 





Cholesterol 





Nephrotic Stock 


Ration 


Stock and 
Sterols* 


Nephrotic 
Normal 
10 Stock 


Normal 


Ration 


Stock and 
Sterols* 


125 157 832 
(108-329) (327-1710) 
446 1307 
(328-653) (855-2180) 
138 - 645 
(68-255) (400-800) 
48 


183 
(39-63) (135-227) 





* 2 per cent cholesterol and 1 per cent cholic acid. 
t Figures in parentheses refer to range of values. 
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a ration supplemented with cholesterol and cholic 
acid. The results indicate that the development 
and maintenance of hyperlipemia and hypercho- 
lesteremia in the nephrotic rat are of endogenous 
origin and that increased retention of lipids oc- 
curs in the plasma of such rats. It is suggested 
that the hyperlipemia and hypercholesteremia of 
nephrotic rats are due to a diminished rate of elimi- 
nation of lipids from their plasma. 
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This study deals with the dynamic behavior of 
hydrocortisone in man and the relationship of the 
metabolic fate of this principal adrenal hormone to 
the physiologic or pathologic state of the experi- 
mental subject. The period during which the hor- 
mone persists in the tissues, the rate of its excre- 
tion, and the relationship between the two have 
been measured by precise and discriminating meth- 
ods. Furthermore, the details of the metabolic 
transformations and the rate at which these occur 
have been discussed and correlated with some 
known biologic effects of the hormone. These 
studies have been possible as a result of the avail- 
ability of ring A labeled hydrocortisone through 
a cooperative effort sponsored by the Endocrinol- 
ogy Study Section of the U. S. Public Health 
Service (1). 

Previous work in our laboratories employing 
radioactive cortisone labeled with tritium yielded 
information concerning the metabolites of corti- 
sone and the routes by which they are eliminated. 
Exact quantitative evaluation of the total metabo- 
lites in terms of the amount given was difficult be- 
cause of errors inherent in the methods employed 
for the analysis of tritium in very crude extracts. 
Other studies with C** labeled testosterone, es- 
trone, estradiol, progesterone, and desoxycorti- 
costerone have been reported, and in general, these 
experiments showed a rapid elimination of the 
hormonal metabolites as conjugated substances 
in the urine (2). These analyses were possible 


1This investigation was carried out under contract 
AT (30-1)-910 with the United States Atomic Energy 
Commission and supported in part by research grants 
(C-440 and C-322) from the National Cancer Institute of 
the National Institutes of Health of the U. S. Public 
Health Service. The authors also gratefully acknowledge 
the assistance of grants from the American Cancer So- 
ciety (on recommendation of the Committee on Growth 
of the National Research Council), the Anna Fuller Fund, 
the Damon Runyon Memorial Fund for Cancer Research 
and the Lillia Babbitt Hyde Foundation. 


because of the greater facility and accuracy of 
carbon-14 measurement. From the experience 
gained in these studies, it was possible to refine 
the experimental design so as to supply informa- 
tion concerning the following aspects of hydro- 
cortisone metabolism. 

First, the amount, the rate, and the route of ex- 
cretion were established. Second, the problem of 
“tissue demand” as evidenced by the alteration in 
these excretory processes was explored in the com- 
plete absence of endogenously produced hormone. 
Third, these findings were compared with those 
obtained when the tissues were saturated with hor- 
mone. Fourth, the constancy of these processes 
was studied in different subjects with alterations 
in their physiological state as a result of disease. 
Fifth, the influence of the amount of hormone ad- 
ministered on these aspects of metabolism was de- 
fined. Sixth, the question of hormone breakdown 
(“utilization”), as indicated by the loss of C** 
from ring A, was measured by the most delicate 
method available. 


EXPERIMENTAL 


The subjects in this study were patients on the meta- 
bolic ward of the James Ewing Hospital Unit of Memorial 
Center. Pertinent clinical information is summarized in 
Table I. With one exception, urine collections were 
made through a catheter to insure accuracy during the 
early portion of each study. Complete collections of 
urine and feces were made for a period of five days after 
the administration of the labeled material. Thirty to 
fifty ml. samples of blood were taken into tubes contain- 
ing heparin at several time intervals for the determina- 
tion of the quantity of hormone and its metabolites in cir- 
culation. In one patient, a sample of spinal fluid was ob- 
tained at 8 hours. 

Hydrocortisone-4-C™ was supplied as a crystalline ma- 
terial with a specific activity of 4.69 wc per mg. The 
purity of the product had been established by the con- 
ventional methods of column chromatography, sulfuric 
acid chromogens and paper chromatography together 
with radioautography. In all experiments, the hormone 
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TABLE I 


Description of subjects 








Subject Diagnosis and therapy 


Hydrocortisone 
administered 


Exp. 





Fi 
Radiation 6 yrs. and 6 mos. 


Chronic lymphatic leukemia 7 yrs. 1 


0.855 uc Methadone addition 
(0.25 mg.) Liver function normal 





F2 Multiple benign lipomata 4 yrs. 


0.94 uc 


2 ma 
(0.25 mg.) Good general condition 


5 AV ion normal 
0.954 ue Liver function nx 


(100 mg.) 





Breast cancer 2 yrs. 
Radical mastectomy 2 yrs. 
Recurrent disease 6 mos. 
Radiation 4 mos. 


0.948 uc 
(100 mg.) 


Good general condition 
Liver function normal 








Breast cancer 3 yrs. 
Radical mastectomy 3 yrs. 
Recurrent disease 2 yrs. 
Radiation 2 yrs. 
Castration 9 mos. 
Adrenalectomy 6 mos. 


All hormone therapy stopped 
48 hrs. before study. Usually 
maintained on oral cortisone 


0.902 wc 
(0.25 mg.) 





0.790 ue 
(0.25 mg.) 


Study performed while sub- 
ject was receiving 100 mg. 
hydrocortisone i.v. each day 





was administered intravenously. A sterile solution for 
the study was prepared immediately prior to infusion 
by the following procedure. The steroid was transferred 
into sterile ampules so that each ampule contained ap- 
proximately 1 uc. The contents of the ampule were dis- 


solved in 2 ml. of absolute ethanol which was added with 
proper precautions to approximately 150 ml. of sterile 


isotonic sodium chloride solution. An additional 2 ml. 
of absolute ethanol, used to rinse the ampule, was added 
to the infusion solution. When non-radioactive carrier 
hormone was used, 100 mg. of hydrocortisone, especially 
purified for this purpose, was transferred in alcohol solu- 
tion to the infusion vessel. A small portion of the infu- 
sion solution was removed for analysis of the radioactivity. 
The quantity of solution administered to the patient was 
determined by weighing the infusion bottle before and 
at the termination of the infusion. In every instance, the 
solution of the radioactive hormone either with or without 
carrier was introduced over a period of exactly 30 
minutes. 

All radioactivity measurements were carried out in- 
dependently by two different procedures. In the one, 
(Method A) the material was plated on planchets of 4.9 
cm’. area containing lens paper. These were then counted 
in a windowless flow gas counter and the data obtained 
were corrected to infinite thickness. A portion of the 
infusion solution was diluted with saline and plated as 
described. The radioactivity of this solution was re- 
ferred to a National Bureau of Standards C™ reference 
standard (Na,C“%O,)—plated and counted in the same 
manner. This provided an accurate determination of the 
amount given to each patient. In order to permit a di- 
rect comparison of the infusion solution with the urine 
samples, an “infusion standard” with the plating charac- 
teristics of urine was prepared by dilution of a portion 
of the original hydrocortisone-4-C™ infusion solution with 


urine. The urine samples, themselves, were directly 
plated without dilution, extraction or further manipula- 
tion. In the other method of radiocarbon measurement 
(Method B), the infusion solution, urine, or extracts in 
organic solvents were made to a known volume, small 
portions were accurately removed and transferred to 
planchets of 5, 10 or 18 cm’. area. The amount spread 
on the planchet was in the infinitely thin range; radio- 
activity was measured in a windowless flow gas counter. 
Both methods of radiocarbon measurement were inter- 
calibrated by means of the National Bureau of Stand- 
ards C™ reference standard. 

In Experiment 1, samples of expired air were collected 
by exhalation through a 0.5 N sodium hydroxide solu- 
tion. Several collections obtained for 30-minute inter- 
vals at various times during the first two days of the 
experiment were combined; a control sample was col- 
lected in the same fashion prior to the administration of 
any radioactivity. The control and experimental carbon 
dioxide collections were then separately converted to 
elemental carbon for measurement of radiocarbon by the 
method of Anderson and Libby (3). This procedure is 
capable of detecting 10“ per cent of the dose used in these 
experiments. 

Blood and spinal fluid samples were delivered into 
1:1 acetone-alcohol, the precipitate was thoroughly ex- 
tracted with the organic solvent and these extracts were 
counted, in many instances by both procedures. For the 
measurement of unchanged, unconjugated hydrocorti- 
sone in blood by the method of isotopic dilution, the fol- 
lowing procedure was used in Experiment 2 (Subject 
F2). A 63 ml. sample of blood was withdrawn 15 min- 
utes after the termination, i.e., 45 minutes after the initia- 
tion of the infusion. The blood was extracted as above 
and to the extract was added 30.2 mg. of highly purified 
non-radioactive hydrocortisone. A total of 4,000 disinte- 





1108 


grations per minute (DPM per min.) was present in the 
extract. The mixture was acetylated with an excess of 
acetic anhydride in pyridine at room temperature for 48 
hours and the hydrocortisone acetate was extracted with 
ethyl acetate; the solution was washed with dilute al- 
kali, dilute acid and with sodium chloride solution. The 
solvent was removed and the neutral extract contained 
2,100 DPM per min. (54 per cent of the total). The 
extract was chromatographed on a silica gel-ethanol 
partition-type column (4) using alcohol and methylene 
chloride as the mobile phase. Most of the radioactivity 
was removed from the partition column before hydrocor- 
tisone acetate was eluted. The eluates containing hydro- 
cortisone acetate were combined and recrystallized from 
acetone; the product melted 206 to 210°; specific activity 
= 15 DPM per min. per mg. After a second recrystalli- 
zation, the m.p. was 214 to 217° and the specific activity 
was unchanged. The amount of material remaining was 
insufficient for further recrystallization. 

The extraction of “free” steroids from urine was made 
by a minor modification of the procedure of deCourcy, 
Bush, Gray, and Lunnon (5). The urine was extracted 
four times, each with half its volume of chloroform, and 
twice with similar quantities of ether. The combined 
chloroform extracts were then washed three times with 
\% volume of 5 per cent sodium hydroxide solution con- 
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taining 5 per cent sodium chloride, followed by three 
washes with % volume of 25 per cent sodium chloride sol- 
ution. The alkaline and saline extracts were backwashed 
with the two ether extracts. The combined chloroform 
and ether solutions were dried over sodium sulfate, the 
solvent was removed and the residue was diluted to vol- 
ume with ethanol. 


RESULTS 


Six individual studies of the metabolism of hy- 
drocortisone-4-C'* were made in four subjects. 
Two subjects, one a man (F2) and the other a 
woman, (F1) each received a tracer quantity of 
hormone, approximately 0.25 mg.; on another oc- 
casion, the same amount of labeled hydrocortisone 
together with 100 mg. of carrier hormone was 
given to the same male subject, F2. This experi- 
ment permitted an evaluation of the effect of the 
quantity of hormone given on its subsequent fate 
in the same individual. A female subject (F3) 
also received 1 yc of hydrocortisone-4-C** together 
with 100 mg. of carrier hormone. Two studies 


were carried out on the fourth subject (F4), a 


CUMULATIVE URINARY EXCRETION OF RADIOACTIVITY 
DERIVED FROM HYDROCORTISONE-4—C'4 
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woman who was both oophorectomized and 
adrenalectomized. In the first of these, all hor- 
mone therapy was withdrawn for 48 hours before, 
and 24 hours after, the intravenous administration 
of a tracer amount of hydrocortisone. This pro- 
cedure permitted an evaluation of the metabolism 
of the hormone when the tissues of the recipient 
were depleted of this substance. A second study 
on this same subject was carried out while she 
was receiving 100 mg. of hydrocortisone daily by 
continuous intravenous infusion. In this instance, 
the non-radioactive hydrocortisone infusion was 
interrupted for 4% hour while the tracer, dose of 
the radioactive hormone was introduced. The 
infusion of the unlabeled hormone was then con- 
tinued for the following 24 hours. 

Data on the excretion of hydrocortisone metabo- 
lites in the urine are listed in Table II and a typi- 


RATE OF URINARY EXCRETION OF RADIOACTIVITY 
DERIVED FROM HYDROCORTISONE-4-c'* 
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cal cumulative excretion curve (subject F3) is 
shown in Figure 1. In Experiment 1 (F1), 56 
per cent was excreted in the urine at the end of 6 
hours; 72 per cent was eliminated in one day 
and 80 per cent over three days. Virtually the 
same results were obtained in Experiment 2 with 
a tracer dose administered to the male subject, F2. 
In Experiment 3, when this same subject was 
given 100 mg. of carrier hydrocortisone together 
with radioactive hormone, the large additional 
quantity of hormone did not appreciably alter the 
excretory pattern. Fifty-four per cent was ex- 
creted in 6 hours, and 84 per cent in one day. The 
female subject, F3, who was also given 100 mg. 
of hydrocortisone containing 1 pe of C'*, showed 
an almost identical pattern of excretion in Experi- 
ment 4. In Experiment 5, conducted while the 
adrenalectomized woman, F4, was deprived of all 
replacement hormone therapy, the excretory pat- 
tern was also similar and no significant changes 
were observed when the same subject received 100 
mg. of hydrocortisone daily by continuous intra- 
venous infusion in Experiment 6. 

In order to define the rate of excretion of the 
radioactive products derived from the adminis- 
tered hydrocortisone-4-C', the radioactivity in 
the urine was plotted semi-logarithmically against 
time for a typical experiment (Figure 2). During 
the first 24 hours after the dose, the data group 
about a straight line and suggest that the excre- 
tion approximates a first-order reaction. The 
rate of excretion of the products derived from the 
metabolism of 80 per cent of administered hydro- 
cortisone during the first 24 hours can be charac- 
terized by an average half-life (T %4) of 3.6 hours 
in all subjects studied. 

In the four days following hormone administra- 
tion in subject F3, 9 per cent of the radioactivity 
was found in an acetone extract of the feces. In 
view of the high recovery of radioactivity in the 
urine, it appeared that similar results would be 
obtained in the other patients; further studies of 
the fecal metabolites are in progress. 

The radioactivity found in the blood at various 
time intervals in the different subjects is shown 
in Table III. Ina blood sample obtained in Ex- 
periment 2, 15 minutes after the end of infusion, 
a maximum of 13 per cent of the circulating radio- 
activity was present as unaltered hydrocortisone 
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TABLE II 


Urinary excretion of radioactivity after hydrocortisone-4-C™ 


Experiment 1 
Subject: F-1 
Dose: 0.855 wc (0.25 mg.) 





Metha! Method 
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Time* y. Average 
hours 1072 yc 10-*ye %dose 
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Experiment 2 
Subject: F-2 
Dose: 0.940 yc (0.25 mg.) 
Method Method 
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Subject: F-2 
Dose: 0.954 wc (100 mg.) 
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TABLE 11—Continued 





Experiment 4 
Subject: F-3 
Dose: 0.948 wc (100 mg.) 





Method Method 
Time A B Average 
hours 1072 uc 107? uc % dose 


Experiment 5 
Subject: F-4 
Dose: 0.902 we (0.25 mg.) 


Experiment 6 
Subject: F-4 
Dose: 0.790 uc (0.25 mg.) 
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Time B 
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TABLE III 


Radioactivity in blood during and after intravenous hydrocortisone-4-C'* 








Exp. 1 2 


3 4 


5 








Time cu Time Cu 
(min.) 107% pc/L. (min.) 107? wc/L. 


ci 


Time cu Time “4 
(min.) 107? wc/L. (min.) 107% yc/L. 


Time Cu 
(min.) 1072 wc/L. 





15 4.0 24 
30 3.3 " 
120 1.2 


30 6.0 30 7.6 
60 3.3 75 3.8 
105 2.6 130 3.4 
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TABLE IV 


Conjugated urinary radioactivity and exponential rates cf 
excretion in all subjects 








Conjugation 


% Cor - 
jugated 


Rate of excretion 
Compo- 
nent 


Time 
(hours) 


1-2 89 2 as 
12-18 99 37 


96 
99 


89 
98 


1 
2 
1 
2 
1 
81 2 
1 
2 
1 
2 
1 


T 1/2 














22 


3.5 
20 


2 
20 


93 


93 
96 


81 
93 











as demonstrated by the isotopic dilution described. 
In this short time, most of the hormone had there- 
fore undergone metabolic transformation. 

The results obtained by separating the urinary 
metabolites into “free” and conjugated fractions 
are shown in Table IV. The data indicate that 
from 4 to 19 per cent or an average of 12 per cent 
of the radioactive hormone products excreted dur- 


ing a single hour 30 minutes after completion of 
the infusion, was present in the “free” or non- 


conjugated form. After the sixth hour, only 1 
to 7 per cent or an average of 3 per cent of the ex- 
creted material was still unconjugated. 

No radioactivity was detected in a single 10 ml. 
sample of spinal fluid (subject F 1) obtained 8 hours 
after the infusion was completed. Analysis of the 
C™ content of the control carbon dioxide sample 
from subject Fl, Experiment 1, gave a net ac- 
tivity of 15.1 + 0.2 DPM per gram of carbon, a 
value identical with that of contemporary carbon. 
After the administration of 0.855 pc of hydro- 
cortisone-4-C"*, the pooled carbon dioxide collec- 
tions contained 20 + 1 DPM per gram of carbon. 
This increase of 5 DPM per gram of carbon in the 
expired air represents excreta of radioactivity 
equivalent to 0.05 per cent of the administered 
hydrocortisone per day. It is unlikely that degra- 
dation of the A ring or, by implication, the entire 
steroid nucleus exceeds this amount. 


DISCUSSION 


The results of these studies reveal several new 
aspects of transport, distribution, and fate of the 
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most important adrenal hormone in human sub- 
jects. It would be well to emphasize that the 
“tracer” dose, without carrier hormone, was well 
within the physiological range and in no sense an 
excessive or abnormal addition to the endogenous, 
glandular production of hydrocortisone. The 
“tracer” dose was 0.25 mg., introduced into the 
blood stream during a half-hour period. From 
the quantity of C,,-11 oxygenated steroids in nor- 
mal urine and from the amount of these same 
compounds that can be recovered after the adminis- 
tration of exogenous hormone, it can be inferred 
that the human adrenal supplies about 30 mg. of 
hydrocortisone or similar steroids per day. The 
credibility of this estimate is supported by the fact 
that a totally adrenalectomized human, with minor 
supportive therapy such as desoxycorticosterone, 
can be maintained on approximately 25 mg. of 
hydrocortisone given by continuous intravenous 
infusion, Therefore, approximately 1 mg. of 
steroid per hour would be delivered into the cir- 
culation. The “tracer” dose of 0.25 mg. then re- 
presented approximately half the subject’s hormone 
production during 30 minutes in which the hor- 
mone was administered, and was well within ac- 
ceptable physiological limits. In the experiments 
where 100 mg. of carrier hydrocortisone was ad- 
ministered together with the labeled compound, 
the amount injected represented a relative excess 
of approximately 200 times the daily hormone re- 
quirement for that interval; the total amount ad- 
ministered was 400 times the tracer dose of the 
same hormone, 

With these considerations in mind, it is possible 
to arrive at certain conclusions about both “utili- 
zation” and “tissue demand” for the adrenocorti- 
cal hormone. If it is assumed that the 80 per cent 
of the 0.25 mg. “tracer” dose excreted during the 
first day represented disposition of an excess of 
hormone, and if it is assumed that only the 50 y 
possibly remaining in the tissues after the first day 
represented that portion of the dose actually uti- 
lized in physiological mechanisms, it might be ex- 
pected that all but 50 y of the 100 mg. dose would 
be similarly excreted during the first day. Since 
this was not the case and in fact an essentially 
identical fraction of both dose levels was excreted 
during the first day by the same as well as by dif- 
ferent subjects, the conclusion is warranted that 
widely differing quantities of hormone are handled 
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in a similar fashion, by mechanisms independent 
of tissue requirements. In order to subject this 
conclusion to a critical test, a totally adrenalecto- 
mized and oophorectomized patient was deprived 
of all exogenous hormone for two days preceding 
the administration of a 0.25 mg. dose of hydro- 
cortisone-4-C'*, It would be expected, and it 
can be strongly supported from the other results 
of this study, that the tissues of this patient were 
depleted of all residual hormone to the fullest ex- 
tent obtainable in a human subject. In addition, 
the 250 y dose of hormone represented only half 
the normal requirement for the period of the ex- 
periment and even less of the total daily need. If 
tissue requirements or “demand” influenced the ex- 
cretion of hormone or its metabolites, retention of 
hormone should have been maximal in this patient. 
However, the rate and the total quantity excreted 
under these conditions was almost identical with 
those of the other subjects. Subsequently, when 
the tissue requirements were altered in this sub- 
ject by the continuous daily infusion of 100 mg. 
of hydrocortisone, an identical pattern of excretion 
of the labeled hormone once more was observed. 
It is noteworthy also that in both experiments in 
this subject, the blood levels of radioactivity were 
in the same range. Therefore, by the criteria used, 
there was no evidence for tissue “demand” and no 
difference was observed in the “utilization” of a 
large as compared with a small dose. Indeed, the 
total excretion of radioactive products derived 
from the hormone, as well as the rate at which this 
occurred, was remarkably constant in all of the pa- 
tients studied. This constant pattern under ex- 
perimental conditions deliberately chosen to repre- 
sent physiological, pharmacological, and patho- 
logical extremes, suggests that the same metabolic 
pattern will be found in all human subjects stud- 
ied in this manner. 

In the living organism, endogenously produced 
or artificially administered hormone is subjected 
to at least two potentially competitive processes. 
In the one, a hormone with its unique chemical 


characteristics is needed in a biological system for 
the initiation or regulation of a series of biochemi- 
cal reactions that in turn lead to the well-known 
physiological effects of an endocrine secretion. 
The hormone may or may not undergo certain 
chemical alterations as a result of participation in 
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these reactions. It could be suggested that, 
whether as a necessary or purely incidental conse- 
quence of reaction in a cellular process, the hor- 
mone attached to a cellular constituent undergoes 
transformation as a result of which it becomes 
readily dissociated from the complex in which it 
had performed its function. This altered product 
is rapidly conjugated or further metabolized and 
speedily eliminated from the body. Since the 
metabolites are invariably less effective hormonal 
agents than their precursors, and since the conju- 
gated metabolites are practically devoid of biologi- 
cal activity, the chemical transformation and con- 
jugation of the hormone may be the means by 
which the organs or tissues influence the level of 
homeostasis. While this series of events is in 
process with one fraction of the hormone, other 
reactions may be in operation simultaneously. In 
these, the hormone may be metabolized, conjugated 
and eliminated from the site of these reactions with- 
out having exerted any biochemical or biological 
actions despite the fact that cortisone or hydrocor- 
tisone has been shown to influence the dynamic 
behavior of practically every tissue in the body 
(6). It may, nevertheless, be viewed as a type 
of inactivation mechanism, designed perhaps to 
prevent sudden fluctuations in the highly inte- 
grated performance of the whole organism. The 
contribution of each of the processes to the sum 
of the hormonal metabolites cannot be evaluated 
since the fraction of the hormone used for a spe- 
cific biological action and the questionable portion 
that may be “non-specifically” transformed and 
eliminated are unknown. Differences may yet be 
found in the metabolites excreted after a “tracer” 
dose and after a larger amount. The urinary me- 
tabolites of hydrocortisone-4-C'* under the sev- 
eral conditions studied are at present being ex- 
amined in an attempt to clarify these problems. 
The findings that the peak excretion of radio- 
active products derived from hydrocortisone-4-C™* 
occurred during the second hour after intravenous 
administration indicate that the hormone had been 
retained in one or another of these intermediate 
metabolic processes before it appeared in the urine. 
The excretion in the urine during the first few 
hours of the study certainly represents other 
mechanisms than direct renal clearance of the 
unaltered hormone. If this only were involved, 
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the greatest excretion would have occurred im- 
mediately after the compound was given when the 
circulating levels were at a maximum. From the 
results, it is clear that hormone is removed from 
the circulation by processes which operate at a 
more rapid rate than excretion by the kidney. 
Analysis of blood specimens taken during the 
infusion when 50 per cent of the total dose of the 
hormone had been delivered into the circulation 
as well as at the conclusion of the infusion when 
the entire dose had been given, indicated that a 
large portion of the homone had been removed 
from the blood and either distributed in extracel- 
lular fluids or deposited in tissues or both. Cal- 
culations of the approximate amount of radioac- 
tivity distributed in extracellular fluid were made 
from the average values for extracellular fluid 
and the concentration of radioactivity in blood. 
At the end of the infusion from 44 to 135 per cent 
with an average value of 93 per cent could have 
been in this compartment, if the assumption that 
equilibrium exists is correct. The large variation 
is due in part at least to the relatively low precision 
in measurement of radioactivity in blood. In ear- 
lier animal experiments with tritium labeled cor- 


tisone, it was found that 70 per cent of an intra- 
venous dose of the hormone could be found in the 
liver within 5 minutes after administration (7). 
At later time intervals, the amount in the liver 
declined so that uptake by the liver is probably 


a transitory process. If the observations in mice 
may be applied to man, it is likely that most of 
the hydrocortisone-4-C** was removed from the 
circulation by the liver, and later reintroduced into 
the blood stream, probably in a chemically altered 
form that could then be excreted by the kidney. 
Additional evidence for this viewpoint is obtained 
from the data concerning the fraction of hormone 
excreted in the free as compared to the conju- 
gated form. In the second hour following the in- 
fusion, from 81 to 96 per cent of excreted material 
was already in a conjugated form and by 6 hours, 
from 92 to 99 per cent was conjugated. The hor- 
mone had clearly been subjected to certain chemical 
reactions and alterations in the short interval be- 
tween its administration and excretion of products 
representing the majority of the original material. 

Regardless of the mechanisms responsible for 
rapid removal of hydrocortisone from the blood, 
in order to arrive at an explanation of the constant 
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pattern of excretion observed in these studies, the 
following considerations are pertinent. The sys- 
tems concerned with the localization, transforma- 
tion, and conjugation of the hormone have a high 
capacity so that large as well as small doses are 
handled with equal facility. The altered hormone 
or the hormone metabolites after discharge from 
the site of transformation attain a concentration in 
the body fluids, including blood, in direct propor- 
tion to the amount of material initially adminis- 
tered. Since the capacity of the systems for con- 
version are not rate limiting, the concentration 
of radioactive hormone metabolites in the circula- 
tion is achieved at the same time and in direct pro- 
portion to the dose administered. These are now 
excreted by a renal mechanism that is independent 
of all factors except the concentration of these 
compounds in the blood passing through the kid- 
ney. Kidney excretion, therefore, would always 
constitute a constant fraction of the dose adminis- 
tered and the identical characteristics of the ex- 
cretion curve in all the patients could be explained. 

Some other observations on the role of the kid- 
ney in the total metabolism of hydrocortisone are 
pertinent. The adrenalectomized patient, subject 
F4, who received a tracer amount of hydrocorti- 
sone while all hormone therapy was withdrawn, 
showed the renal excretory changes characteristic 
of adrenal insufficiency. The volumes of the 
hourly urine specimens obtained during the course 
of the experiment were extremely small, con- 
tained a great deal of salt, and there was delay in 
the excretion of a water load. Despite this marked 
alteration in renal function, the quantitative aspects 
of the excretion of hormone metabolites was pre- 
cisely that exhibited by normal subjects as well as 
by this same adrenalectomized patient when she 
was receiving 100 mg. of hydrocortisone daily by 
continuous intravenous infusion as replacement 
therapy. Reduction in urine flow to the extent ob- 
served in this patient was therefore not a limiting 
factor in the biological life-time of the hormone 
and its metabolites. Renal clearance, calculated 
from the average amount of radioactivity excreted 
per minute at the end of 2 hours and the blood ra- 
dioactivity measured at that time, indicates that 
from 30 to 140 ml. of blood per minute were 
cleared of radioactivity. Here again the low pre- 
cision of blood C** measurements makes the esti- 
mate only an approximation. Nevertheless the 
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values are less than the anticipated glomerular fil- 
tration rate and it can be suggested that tubular 
secretion is not an important excretory mecha- 
nism for the metabolites of hydrocortisone. 

One of the most sensitive and prompt responses 
to hydrocortisone whether artificially introduced 
or secreted by the gland under stimulation with 
adrenocorticotrophic hormone is the fall in level 
of the circulating eosinophiles. This occurs after 
about 4 hours during constant intravenous infu- 
sion while the other manifestations of the hor- 
mone such as nitrogen excretion, glycogen depo- 
sition and the like are observed only after a longer 
time. It is clear from the results reported that 
even the onset of a biological response is seen at 
a time when a sensible proportion of the total 
amount of hormone given has been completely 
eliminated from the body. In addition to this, it 
is highly likely that a major portion of the hor- 
mone still resident in tissues or body fluids had 
already undergone chemical alteration. It seems 
evident therefore that the chain of reactions initi- 
ated by the hormone demands a continued supply 
of small amounts of the compound for the expres- 
sion of a physiological or pharmacological response. 

The possibility remains that a very small por- 
tion of the total hormone administered is local- 
ized in particular structures intimately associated 
with the true hormonal function. That this is an 
unlikely possibility is strongly suggested from the 
fact that 93 per cent of the administered radioac- 
tivity was recovered in the urine and feces and 
no more was recovered from the large dose than 
from the tracer amount of hydrocortisone. It 
seems more probable that a small additional quan- 
tity of hormone metabolites had reached the gas- 
trointestinal tract and will eventually be found 
in the feces; in addition some of the radioactivity 
may have been eliminated through the skin. In 
view of the many uncertainties associated with the 
missing 5 to 10 per cent of the hormone, it seems 
more reasonable to focus attention upon the larger 
fraction that has been recovered rather than to 
speculate about the questionable significance of 
the minor quantity. Similar considerations might 
be applied to the small sustained urinary elimina- 
tion observed after the first 24 hours following 
introduction of the hormone. The rate of excre- 
tion of radioactivity during the first 24 hours was 
essentially constant in all subjects and could be 
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characterized by a half-life time of 3.6 hours. 
After the first day, the rate of elimination was en- 
tirely different from this value. It seems quite 
reasonable to suppose that this latter radioactivity 
represents hydrocortisone which has been elimi- 
nated into the gastrointestinal tract, reabsorbed, 
further metabolized and perhaps again subjected 
to similar cycles prior to its appearance in the 
urine. 

The striking analogy between the excretion of 
the metabolites of hydrocortisone and of testos- 
terone is worthy of comment. Although the ex- 
perimental procedure was not the same as that 
employed with the adrenal hormone, it was found 
that a similarly rapid excretion of the hormone 
metabolites occurred (8). Thus, 62 per cent of 
the total metabolites of testosterone recovered dur- 
ing the first day after an intravenous infusion last- 
ing for 4 hours, was excreted during the period of 
infusion. Like the hydrocortisone metabolites, 
these urinary products were chemically altered and 
conjugated forms of the hormone administered. 
The similar fate of two steroid hormones with op- 
posite biological properties presents a challenging 
problem in the correlation of urinary steroids with 
the metabolic processes under hormonal control. 

Since negligible amounts of C** appeared in the 
respiratory CO,, it is apparent that no major de- 
struction of the nucleus occurred. It is perhaps 
significant to note that a similar situation obtains 
with the nucleus of cholesterol (8) despite oxida- 
tive degradation of the side chain. Further stud- 
ies of C-20 or C-21 labeled hydrocortisone would 
be of interest in this connection. 

The urinary metabolites of the steroid hormones 
are used widely as a measure of adrenal function 
in man. While the facts and assumptions which 
underlie this measurement are almost certainly 
true, the inadequacy of the methods which have 
been applied to characterize adrenal function in 
man by these means must be emphasized. Many 
specific and non-specific determinations of certain 
functional groups in the cortisone and hydrocor- 
tisone molecule have been used as clinical indices 
of the performance of the adrenal gland in a va- 
riety of physiological or pathological conditions. 
A survey of these methods indicates that the ma- 
jority account for but a fraction of the hormone 
administered. By inference they should account 
for only a fraction of the hormone produced by the 
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normally functioning adrenal gland. The present 
study clearly demonstrates that about 80 per cent 
of the hormone administered in either trace quan- 
tities or massive doses appeared in one form or 
another in the urine within the course of 24 hours. 
Indeed, most of the end products are excreted 
within a much shorter period of time. The char- 
acterization and definition of these various trans- 
formation products of the hormone in order to 
permit the development of satisfactory methods 
for their determination still remains a major task. 


SUMMARY 


The dynamics of the distribution and excretion 
of hydrocortisone-4-C'* has been studied in six 
experiments with four human subjects. Over 90 
per cent of the radioactivity administered was ex- 
creted in the urine and feces in 72 hours. There 
was no evidence of in vivo breakdown of the hor- 
mone as determined from measurements of ex- 
pired carbon dioxide. No radioactivity was found 
in the spinal fluid of one subject 8 hours after the 
intravenous injection of the hormone. Within 24 
hours, from 70 to 80 per cent of the hormone was 
eliminated in the urine in the form of conjugated 
metabolites at a rate characterized by an average 
half-life of 3.6 hours. This rate and the cumulative 
excretion were independent of the amount of hor- 
mone injected and the physiologic or pathologic 
status of the subject. There was no apparent dif- 
ference in the fate of a “tracer” dose administered 
to an adrenalectomized oophorectomized subject 
deprived of all therapy as compared with a “tracer” 
dose while the same subject was maintained on ade- 
quate intravenous hydrocortisone. The blood level 
of radioactivity was measured at various intervals 
during and after the infusion. The rapid metabo- 
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lism of hydrocortisone was demonstrated by the 
finding that the unaltered hormone accounted for 
only 10 per cent of the blood radioactivity within 
15 minutes after completion of the intravenous 
infusion. 
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Although sedatives are frequently required in 
the treatment of patients with liver disease, bar- 
biturates are believed to be contraindicated in the 
face of impaired hepatic function. Three points 
are advanced in support of this belief: First, pa- 
tients with advanced liver disease have remained 
comatose for long periods of time after receiving 
a barbiturate ; second, animals after chloroform in- 
duced hepatic damage or partial liver extirpation 
have shown an increased sensitivity to anesthetic 
doses of barbiturates (1, 2); and third, animals 
are alleged to show a greater than normal retention 
of pentobarbital and barbital in their blood and 
tissues after chloroform anesthesia (3). These 
points of evidence, however, are far from con- 
clusive. The natural progression of hepatic coma 
from a stage of restlessness to one of somnolence, 
and the spontaneous fluctuations that occur in the 
course of liver disease reduce the significance of 
temporal correlations in determining the part any 
single factor plays in causing hepatic coma. As 
far as animal experiments are concerned, they are 
not necessarily applicable to man, particularly if 
the type of liver damage and the barbiturate dosage 
are not comparable to the usual clinical situation. 
Finally, methods of barbiturate analysis are diffi- 
cult and non-specific. Since the evidence incrimi- 
nating the use of barbiturates in liver disease 
seemed circumstantial, a study to obtain direct evi- 
dence was undertaken. Three questions in par- 
ticular seemed worthy of consideration : 
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Medical Problems. 

2 Present address: Department of Medicine, University 
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. Do barbiturates damage the liver itself? 

. Are patients with liver disease more sensitive 
to barbiturates because of impaired inactiva- 
tion of these drugs by the damaged liver? 

. Are patients with liver disease more sensi- 
tive to barbiturates because of increased sen- 
sitivity of the nervous system? 


Information bearing on these questions was 
sought by comparing the effect of barbiturates in 
control subjects and patients with liver disease. 
Pentobarbital (Nembutal®) was the barbiturate 
principally used because it is a popular drug and 
is said to be inactivated by the liver. The effects 
of both single doses and prolonged administration 
of barbiturate were observed. 


EFFECTS OF SINGLE DOSES OF BARBITURATE 


Material and methods. 


Pentobarbital was given to 35 control subjects without 
liver or central nervous system disease and to 21 patients 
with liver disease. As indicated in Table I, all of these 
patients except one had signs and symptoms of advanced 
hepatic damage. Seventeen of these patients had cir- 
rhosis with an alcoholic background but at the time of 
the acute studies were suffering neither from alcoholism 
nor its withdrawal symptoms. After preliminary stud- 
ies showed that oral doses were well tolerated, intra- 
venous administration (sodium pentobarbital) was used 
routinely in subsequent studies to eliminate the variables 
of intestinal absorption and to provide a sharp beginning 
point for both clinical and biochemical measurements. 
The drug was given either as a single injection during the 
course of one-half minute or as a constant intravenous 
infusion over a 30-minute period. Single injections were 
given 40 times to patients with liver disease and 35 times 
to control subjects. The doses varied from 30 to 240 mg., 
but in 75 per cent of the tests 100 to 120 mg. was used. 
Doses given to control and patient groups were com- 
parable. Intravenous infusions containing 100 to 180 mg. 
of sodium pentobarbital in 120 ml. were given to 10 pa- 
tients with liver disease and to seven control subjects. 
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EFFECT OF BARBITURATES IN PATIENTS WITH LIVER DISEASE 


TABLE ¢ 
DIAGNOSES AND EVIDENCES OF HEPATIC DYSFUNCTION IN THE PATIENTS STUDIED 
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Evaluation of barbiturate effects was attempted by 
three general methods: clinical observation, liver function 
tests and measurement of pentobarbital blood levels. 
Since there are no established methods for measuring 
either clinical manifestations or pentobarbital blood levels 
that follow the intravenous injection of ordinary hyp- 
notic doses of pentobarbital, the choice, development and 
adequacy of methods used by us are discussed in some 
detail. 


Clinical observations. 


When it appeared that the doses used in our 
study would not elicit the signs described as char- 
acteristic of acute and chronic barbiturate intoxica- 
tion, a number of other neuropsychologic tests 
were investigated. The tests listed in Table II 
were performed before the barbiturate was given 
and at 5 to 30 minute intervals thereafter for one 
hour, or until all evidences of drug effect had 
disappeared. The most useful tests for following 
the effects of pentobarbital proved to be nystagmus, 
slurred speech, two-point discrimination and evalu- 
ation of changes in mood and levels of conscious- 
ness. Other tests were omitted when it became 
apparent that they were of little help in assessing 
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barbiturate effects. The learning factor, varying 
effects of pentobarbital on mood, the degree of 
patient cooperation and differences in educational 
background made the interpretation of reading and 
mathematical tests difficult. No definite changes 
in temperature, pulse, respiration and blood pres- 
sure were noted in either patients or control sub- 
jects after barbiturates were given. 

Intravenous administration of 60 mg. or less of 
sodium pentobarbital produced minimal changes, 
nystagmus on lateral gaze and slight variations in 
mood (euphoria, sense of “relaxation’’) being the 
usual effects of the drug. Barbiturate activity be- 
gan within one-half minutes of injection and per- 
sisted for 15 to 30 minutes. 

Larger intravenous doses of pentobarbital (100 
to 180 mg.) intensified the nystagmus and changes 
in mood and induced other measurable effects. 
Nystagmus, as it increased, occurred in the vertical 
as well as horizontal plane and was accompanied 
frequently by blurred vision and occasionally by 
diplopia. Slurred speech or abnormally precise 
speech usually began in the first five minutes of 
the post-medication period and subsided during 
the following 20 minutes. Impaired two-point 
discrimination was found to correlate well with 
the over-all pentobarbital effect. Usually the 
threshold for two-point discrimination increased 
by 50 to 100 per cent after injecting the drug; this 
increase was maximal during the first 15 minutes 
and seldom persisted for more than 30 minutes. 

The larger doses of pentobarbital also increased 
the degree of euphoria. The subjects were fre- 
quently more garrulous and likened the effect to 
that produced by alcohol. Within 15 minutes, 


TABLE II 


Clinical observations made on the effects of 
single doses of barbiturate 








Times performed 
Patients 

with liver 
disease 


Control 
subjects 


Nystagmus 20 28 

Slurred speech 15 28 

Two-point discrimination 15 28 
Changes in mood and level of 

consciousness 35 

Deep-tendon reflexes 18 

Finger to nose - 

6 

6 

6 


Tests 





Mathematical problems 
Reading test 

Corneal reflex 

Temperature, pulse, respirations 
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TABLE IIIa 
The effect of pentobarbital, 100-120 mg. I.V. as a single injection, on 28 control subjects 
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TABLE I1la—Continued 


PATIENTS WITH LIVER DISEASE 





Diagnosis 


Test 
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TABLE Ib 
The effect of pentobarbital, 100-120 mg. I.V. as a single injection, on 15 patients with liver disease 
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however, euphoric symptoms tended to subside 
and drowsiness supervened. The drowsiness, 
which was of variable intensity, persisted longer 
than any other barbiturate effect. After two hours, 
however, all evidences of barbiturate activity dis- 
appeared. The subjects felt as they had before 
barbiturate injection, but two to four hours later 
a recurrent drowsiness overwhelmed many con- 
trol subjects as well as patients with liver disease. 

When constant infusions of sodium pentobarbi- 
tal (4 to 6 mg. per minute for a total of 100 to 180 
mg.) were used, each sign of barbiturate activity 
was checked for time of onset, rate of increase, 
peak effect attained and disappearance rate after 
completion of the infusion. A regular pattern of 
development and subsidence of barbiturate effect 


was noted and found to correspond with the 
amount of barbiturate infused. This parallelism 
between the amount infused and the development 
of nystagmus, slurred speech and impaired two- 
point discrimination supports the reliability of 
these signs as measures of the clinical response 
to intravenous barbiturates. 

In an effort to quantitate pentobarbital effects 
and to facilitate the comparison of patient and 
control groups, an index of barbiturate activity 
was devised. Each of the four signs used to assess 
barbiturate activity was expressed numerically by 
adding its greatest intensity (rated on a scale of 1 
to 4) and duration (1 unit for each 15 min.). The 
numbers representing each sign were then added 
to obtain the over-all index of barbiturate activity. 
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TABLE IV 


Comparison of pentobarbital effects in control subjects 
and patients with liver disease 





Average barbiturate index 





Patie its 
with liver 
disease 
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Age groups subjects 


20-40 yrs. 14 10 


40-60 yrs. 16.6 13.9 
over 60 yrs. 20.6 19.3 








The 28 control subjects on whom all the major 
signs of barbiturate activity were checked are re- 
corded in Table IIIa, the 15 patients with liver 
disease in Table IIIb. 

The average index of barbiturate activity was 
calculated for different ages in both the control 
and patient groups (Table IV). Although indi- 
vidual doses varied from 100 to 120 mg., the aver- 
age amount of barbiturate used in each group was 
comparable. The data indicate that patients with 
liver disease are no more affected by pentobarbital 
than are control subjects, but that increased sensi- 
tivity to this drug exists in older people irrespec- 
tive of their hepatic function. 


Liver function tests. 


Serial liver function tests were carried out be- 
fore and after injection of pentobarbital, two to 
four tests being performed at 15 to 30 minute 
intervals for one to two hours following injection. 
Since the number of different serial tests possible 
in any one patient is limited, no more than a pilot 
run was made with tests which were not expected 
to change suddenly in response to barbiturate ad- 
ministration. The number of serial tests done in 
patients with liver disease (L) and in control sub- 
jects (C) is indicated parenthetically after the 
name of each test: serum bilirubin (L-21, C-14), 
bromsulfalein clearance (L-23, C-9), thymol tur- 
bidity and flocculation (L-12, C-11), cholinesterase 
(L-10, C-12) (4), alkaline phosphatase (L-8, C-6) 
and cephalin cholesterol flocculation (L-5, C-5). 

The injection of sodium pentobarbital did not 
affect results of the above tests. The average 
change of the serum bilirubin concentration in 
the patients with liver disease was, for example, 
only 0.02 mg. per 100 ml. The cholinesterase 
activity has been shown to be a sensitive index of 
hepatic function (5) and has been reported de- 
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pressed after prolonged use of barbiturates (6), 
but in the acute tests reported here the pre- and 
post-barbiturate enzyme activity was virtually 
identical. When constant intravenous infusions 
of BSP are given, the rate of removal of this dye 
from the blood can be expressed as BSP clearance.* 
This test, which is fairly sensitive to gross changes 
in hepato-cellular activity or hepatic blood flow, 
was not affected for one hour after the injection 
of sodium pentobarbital. 

Hepatic venous catheterization was performed 
successfully in two patients with chronic and 
three patients with early liver disease. Hepatic 
blood flow was estimated by the BSP method (7) 
and arterial-hepatic venous oxygen differences 
were measured. Intravenous injections of 120 
mg. of sodium pentobarbital did not affect these 
measurements in any obvious manner. 


Measurement of pentobarbital in blood. 


Measurement of pentobarbital levels in serum 
was assayed in the hope of determining the effect 
of liver disease on these levels. The spectrophoto- 
metric method of Walker, Fisher and McHugh 
(8) was adopted for this purpose. 


Like other 
methods depending upon the absorption of ultra- 
violet light (235 to 240 my) by barbiturates, this 
technique is adequate but not entirely satisfactory. 
A number of interfering substances may appear 
in the blood, and the possibility that pharmacologi- 
cally inactive forms of barbiturate may contribute 
to absorption at 240 my cannot be excluded. 

In preliminary tests, recoveries of pentobarbital 
in known concentrations of 1 and 2 mg. per 100 
ml. of serum were satisfactory. Storage of either 
serum or its protein-free filtrate at ice-box temi- 
peratures for three days did not impair this re- 
covery. On the other hand, serum known to be 
free of barbiturates often gave readings up to 0.3 
mg. per 100 ml. False readings up to 0.1 mg. per 
100 ml. were obtained even in fasting subjects. 
When heparin was used, as in the measurement 


8 When an intravenous infusion of BSP is given at 
such a rate that the serum concentration of dye remains 
constant, BSP clearance (ml. per min.) = 

rate of BSP infusion in mg. per min. 

conc. of BSP in serum in mg. per ml. 
In healthy young men, BSP clearance averages about 500 
ml. per min. 
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of hepatic blood flow, satisfactory readings of 
barbiturate levels could not be obtained. 

To compare the rate of disappearance of pento- 
barbital from the blood of healthy subjects and 
those with liver disease, serum levels were meas- 
ured at 1 to 15 minute intervals for one hour after 
single intravenous doses. In both groups of sub- 
jects, erratic and exceedingly low values— usu- 
ally between 0.2 and 0.4 mg. per 100 ml.—were 
obtained, even within 10 minutes of giving 120 
mg. intravenously. In view of the satisfactory im 
vitro recoveries, we could only surmise that pento- 
barbital leaves the intra-vascular fluid compart- 
ment rapidly. This view agrees with the report 
of Brodie and his associates (9), who used anes- 
thetic doses of pentobarbital in normal subjects, 
and noted an abrupt drop in plasma pentobarbital 
levels during the four hours following a single in- 
jection of the drug. 

Since concentrations of pentobarbital in the se- 
rum after injection of clinical doses appeared to 
be erratic and low, and since measurement of the 
drug at low levels was invalidated by false read- 
ings, a new technique for comparing the rate of 
pentobarbital removal from the blood of normal 
subjects and liver patients was necessary. For 
this reason, constant infusions of sodium pento- 
barbital were given to seven control subjects and 
10 patients with liver disease at the rate of 4 to 6 
mg. per minute for 30 minutes. This method 
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provided measurable drug levels in the serum, the 
amount of interfering substances being determined 
in blood taken immediately before the barbiturate 
infusion. The barbiturate levels obtained during 
the infusion were considered to represent the bal- 
ance achieved between the infusion rate and re- 
moval mechanisms. 

As shown in Figure 1, the removal of pentobar- 
bital from the blood proceeded at an equal rate in 
seven control subjects and 10 patients with severe 
liver disease. On completion of the barbiturate in- 
fusion, pentobarbital blood levels appeared to de- 
crease more rapidly in the liver patients than in 
control subjects. This may be due in part to rapid 
diffusion of pentobarbital from blood into ascitic 
fluid. Four observations made on this point 
showed pentobarbital levels in blood and ascitic 
fluid to be similar. Since our results probably 
reflect both the distribution and metabolism of 
pentobarbital, their significance is limited. It ap- 
pears however, that the over-all handling of pento- 
barbital within one hour of its intravenous adminis- 
tration is not impaired by liver disease. 


EFFECTS OF PROLONGED BARBITURATE THERAPY 


Ten males with chronic cirrhosis (Table I) 
were given barbiturates over a prolonged period 


of time. Three of these men received the drug 
twice, making a total of 13 courses. Their ages 
ranged from 32 to 58, and all gave histories of al- 
cohol ingestion and poor nutrition over many 
years. It is noteworthy that all these patients 
evidenced neurologic or psychologic abnormalities 
before receiving any barbiturates. Alcoholism 
rather than hepatic disease probably accounted for 
the prevalence of insomnia, tremors, nervousness, 
seizures and peripheral neuritis. 

Two patients (three courses) received barbitu- 
rate therapy because they required sedation. In 
these, a pre-therapy baseline study was not pos- 
sible. The remaining patients were followed for 
periods of 1 to 12 weeks before barbiturates were 
given. The total daily doses of pentobarbital were 
50 mg. in two trials, 100 mg. in eight, and 250 mg. 
in one trial. Phenobarbital, 90 and 120 mg. daily, 
was given in two instances. In 12 trials, the drugs 
were given daily for periods varying from 11 to 41 
days. The other trial (Case 1) was stopped after 
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five and one-half days because an untoward reac- 
tion was suspected. 

Daily evaluation of the patient’s mental status 
was made by the same observer, and frequent 
checks were made with ward physicians, nurses 
and neighboring patients. In only one case wes 
there any deterioration of the patient’s menial 
status during medication with barbiturates, and, 
as reported below (Case 1), the attending cir- 
cumstances were quite complex. During the other 
12 courses, the patients either were relieved ot 
their nervous symptoms or, if asymptomatic, evi- 
denced no impairment of their baseline intellectual 
level. 

Since all of the patients suffered from advanced 
and chronic cirrhosis, obvious physical signs of 
liver disease persisted throughout their hospital 
stay. Some signs, such as jaundice and ascites, 
however, subsided sufficiently that the 10 cases 
could be discharged as moderately to markedly 
improved. Excepting the first trial in Case 1, the 
gradual incline of improvement, as evidenced by 
the disappearance of jaundice, ascites or both, was 
not flattened or reversed during the period of 
barbiturate administration. 

Cephalin cholesterol flocculation, bromsulfalein 
retention, serum bilirubin, prothrombin time, total 
protein and formol gel reaction were measured 
every 7 to 10 days. Cholinesterase activity in the 
serum was determined serially in seven patients. 
On the whole, the tests reflecting protein metabo- 
lism did not change significantly during the period 
of hospitalization, but serum bilirubin dropped, 
bromsulfalein retention lessened, or cholinesterase 
activity increased as the patients grew better. Ir- 
respective of its trend, none of the tests appeared to 
be affected by the use of barbiturates. 

Electroencephalograms were obtained in four 
patients during barbiturate therapy and were com- 
pared with control records obtained before and 
after the therapy period. Bursts of bilateral, low- 
voltage fast activity, of variable duration and more 
prominent over the frontal lobes, were seen in 
two of the patients while on pentobarbital. Simi- 
lar effects have been ascribed to barbiturates in pa- 
tients without liver disease (10). 

Psychological examinations of four of the pa- 
tients were undertaken by a psychologist. Simple 
tests of intellectual operations were administered 
during control periods and during barbiturate ex- 
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hibition. In general the patients performed within 
normal limits on all the tasks and at all times. 
Although the smallness of the sample precludes 
definite conclusions, the tentative impression was 
gained that test scores obtained were not affected 
by the intake of barbiturates. 

Three of the patients were comatose at one point 
or another during their hospital stay. Their cases 
are reported briefly to illustrate two points: (a) 
when coma occurs in a cirrhotic patient receiving 
sedation, the responsibility of the sedative is not 
easily assessed; and (b), patients who suffer he- 
patic coma because of severe cirrhosis may tolerate 
pentobarbital once their coma has subsided. 


Case 1. A 38-year old male, an alcoholic of long 
standing, was admitted because of liver disease with 
marked ascites and peripheral edema. He improved 
slowly, but because of an accidental increase in salt in- 
take, a paracentesis yielding 9500 ml. was required one 
month after admission. The day of the tap, his serum 
sodium was estimated to be 130 mEq. per L. as calcu- 
lated on the basis of serum chloride and bicarbonate val- 
ues (11). Thirty-six hours later he was put on pento- 
barbital, 50 mg. twice daily. During the next 72 hours 
it was apparent that the patient was not doing well. He 
complained of lassitude, took to his bed, and frequently 
was found dozing. At this time his estimated serum 
sodium was 116 mEq. per L. Pentobarbital was stopped 
on the sixth day, but the patient continued to look ill and 
feel exhausted for another three weeks. Subsequently the 
patient improved, and two months after the tap received 
pentobarbital, 50 mg. twice daily, for 23 days without ill 
effect. 

Case 2. A 51-year old patient with cirrhosis under- 
went subtotal gastric resection for pyloric obstruction. 
Postoperatively jaundice and then ascites appeared re- 
quiring paracentesis on the 13th postoperative day. For 
the next four days the paracentesis wound drained pro- 
fusely, the patient losing a total of 27 pounds. For 10 
days he had received 1.0 Gm. chloral hydrate for insom- 
nia, but on the 15th and 16th postoperative nights he re- 
quired 2.0 Gm. The morning of the 17th day he ap- 
peared confused, unresponsive, and very weak; the clini- 
cal impression was hepatic coma. His serum sodium, 
determined by flame photometry, was 110 mEq. per L. 
After hypertonic saline was given, his mental status ameli- 
orated but his serum sodium was no more than 114 mEq. 
per L., and his weakness persisted. Three weeks later, 
the patient had improved somewhat, the serum sodium 
being 128 mEq. per L. As he still complained of insom- 
nia, he was given pentobarbital, 100 mg. at bedtime, which 
he took for three weeks with relief of symptoms. 

Case 3. A 58-year old man with cirrhosis was admitted 
with ascites. During the first two weeks he was anorectic 
and lethargic. He slept poorly at night and dozed in the 
daytime. During this phase he was given 25 mg. of 
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pentobarbital one morning and slept more than usual 
that day, although he could always be awakened easily. 
In the subsequent weeks, the patient improved slowly. 
One month after admission he received pentobarbital, 
50 mg. at bed time, for 11 days without difficulty. He 
was discharged two months after admission but was re- 
admitted three weeks later because of hematemesis. He 
was confused and lethargic on admission, and although 
sedation was not given, his clinical picture changed from 
one of restless confusion to progressive unresponsiveness. 
For 48 hours he reacted only to painful stimuli. His he- 
moglobin fell from 12.4 to 10.4 Gm., but the patient was 
never in shock. After remaining in coma for two days, 
the patient suddenly recovered and six days later re- 
ceived pentobarbital, 50 mg. twice daily, for 14 days with- 
out any evidence of depression of consciousness. 

Pentobarbital was blamed so readily as being the 
primary cause of drowsiness and weakness in Case 
1 that the possible role of hyponatremia subse- 
quent to paracentesis was ignored. The sequence 
of events in Case 2, however, lead to re-evaluation 
of Case 1 with calculation in retrospect of approxi- 
mate serum sodium values. In both cases the co- 
matose state was preceded by a paracentesis which 
may have depleted the body’s sodium store con- 
siderably, particularly since neither patient had 
peripheral edema to serve as a reservoir of electro- 
lytes (12). Thus hyponatremia as well as the 
possible bad effects of pentobarbital or chloral 
hydrate must be weighed as a cause of the mental 
symptoms in Cases 1 and 2. 

In Case 3, a brief but pronounced bout of coma 
occurred following a moderate hematemesis. The 
ability of this patient to tolerate the usual sedative 
dose of pentobarbital within six days of recovery 
from hepatic coma is noteworthy. 


DISCUSSION 


At the beginning of this study, the dangers of 
administering barbiturates to patients with liver 
disease loomed so vividly in our minds that doses of 
15-30 mg. were used with considerable hesitation. 
When the expected ill effects failed to materialize, 
the dose was increased until it appeared that stand- 
ard hypnotic doses were well tolerated, even by pa- 
tients with severe cirrhosis. These findings, how- 
ever, should not be used to justify an indiscrimi- 
nate exhibition of barbiturate in hepatic disease ; 
rather they may serve as a basis for examining the 
questions proposed in the introductory para- 
graphs. 
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1. Are barbiturates injurious to the liver? 
Since neither clinical nor biochemical impairment 
of hepatic function was evident following the use 
of barbiturates, it appears that the hepatotoxic 
potentialities of these agents have been overempha- 
sized. The effect of barbiturates on several dis- 
crete hepatic functions wes not studied, but the 
broad criterion afforded by the patient’s clinical 
course did not inculpate pentobarbital as harmful 
to hepatic function. 

2. Are barbiturates dangerous to patients with 
liver disease because hepatic inactivation of these 
drugs is impaired? In spite of the contradictory 
evidence obtained by subjecting animals with 
surgically extirpated or severely damaged livers 
to barbiturate narcosis, we could find no clinical 
indications that hypnotic doses of pentobarbital 
exert a deeper or more prolonged effect in pa- 
tients with liver disease than in control subjects. 
Moreover, removal from the blood of barbiturates 
(or some degradation products) was not grossly 
different in the two groups. A delayed inactivation 
of barbiturates by patients with liver disease has 
therefore not been demonstrated by our studies. 

3. Are barbiturates harmful to patients with 
liver disease because of increased sensitivity of 
the central nervous system? If the mental facul- 
ties of a cirrhotic patient are clouded by the un- 
identified metabolic factors of incipient hepatic 
coma, it seems reasonable to assume that the ac- 
tion of any central nervous system depressant will 
be at least additive. The additional effect of the 
sedative is, however, hard to assess, for the nerv- 
ous manifestations of severe liver disease often 
pass spontaneously from restlessness to coma 
whether or not sedatives are given. Failure to 
recognize this natural progression leads to state- 
ments that barbiturates are particularly dangerous 
for the cirrhotic patient with bleeding varices. In 
these cases, a small dose of barbiturate given dur- 
ing the restless phase is often blamed for the en- 
suing coma, but this coma is usually the sequel 
of severe blood loss, not of sedation. 

The possibility remains that patients on the 
verge of coma are actually hypersensitive to seda- 
tives. If this is the case, the hypersensitivity ap- 
pears to be a transient state conditioned by the 
metabolic abnormalities of hepatic coma. If hy- 
persensitivity were determined by the structural 
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cerebral damage often found in chronic hepatic 
disorders (13), a constant barbiturate effect might 
be expected whether or not coma were impending. 
This does not seem to be the case. For example, 
the cirrhotic patients whose courses are briefly 
described tolerated barbiturates very adequately 
within two months of recovery from comatose 
states. Furthermore, our liver patients, as a 
group, were less sensitive to pentobarbital than 
elderly control subjects. 

Current therapeutic practice favors the use of 
chloral hydrate or paraldehyde for the sedation of 
hepatic disease, a belief epitomized by Ravdin’s 
enthusiastic statement “chloral hydrate has never 
been shown to cause hepatic injury” (14). To 
our knowledge, however, clinical studies showing 
either that other sedatives (e.g., barbiturates) do 
harm the liver, or that chloral really is innocuous 
in human liver disease, do not exist. 

Many patients with liver disease do not require 
sedation. Others who are confused, irrational, 
or restless require sedation desperately, but bar- 
biturates, and other sedatives as well, may merely 
intensify the coma which usually succeeds upon 
the restless phase of liver failure. On the other 


hand, we suggest that pentobarbital may be used 
cautiously but without apprehension for allaying 
such minor nervous symptoms as insomnia, anx- 
iety and tremors in patients with liver disease 
who do not exhibit the premonitory signs of coma. 


SUMMARY 


Pentobarhital in hypnotic doses was given to 
patients with severe liver disease and to control 
subjects. The effects of the drug were studied by 
clinical observations, liver function tests, and 
measurement of barbiturate blood levels. 

No evidence was obtained that patients with 
liver disease were more sensitive to single in- 
jections of pentobarbital, or that the early removal 
of the drug from the blood of these patients was 
delayed. 

Prolonged administration of pentobarbital to 
patients with decompensated liver disease did not 
appear to retard recovery in 12 of 13 trials. 

The use of sedatives in patients verging on he- 
patic coma is not recommended, but the specific 
dangers ascribed to barbiturates in patients with 
liver disease appear to have been overemphasized. 


PATIENTS WITH LIVER DISEASE 
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In the course of investigations upon the dis- 
appearance of CO from the alveolar gas during 
breathholding following a single inspiration of a 
gas containing CO (1) we found it necessary to 
consider the effect of variations of this process in 
the different alveoli upon the behavior of the 
lung as a whole. The following discussion con- 
tains the more useful of these considerations, first 
for circumstances during breathholding (A) and 
secondly for circumstances during the steady 
state breathing of a gas mixture containing CO 
(B). Section C discusses the effect of significant 
amounts of COHb in the mixed venous blood 
upon the rate of CO uptake from the lungs, 
knowledge which was necessary in interpreting 
our results in experiments on heavy smokers. 
Section D considers the build-up of alveolar CO 


concentration, as the subject starts breathing a 


mixture containing CO. In other words, it de- 
scribes the washout of the alveolar gases and 
achievement of the so called ‘“‘steady state’’ con- 
dition before the mixed venous blood COHb 
concentration rises significantly. The final sec- 
tion E is a brief discussion of the build-up of 
COHb in the blood when the subject breathes 
CO for such long periods of time, that the proc- 
esses covered in the earlier sections can be con- 
sidered instantaneous. 


A. The Relation between the Mixed Expired 
Alveolar CO Tension and Time after 
a Single Inspiration of a 
Gas Containing CO 


In 1909, Krogh and Krogh (2) described the 
disappearance of CO from alveolar gas during a 
period of breathholding following a single inspi- 
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ration of gas containing CO by the equation 


ey 


Fa = Fa, exp ( =e, 


\ 


(1) 


where F, is alveolar concentration of CO (dry) 
at time t, F,4, is alveolar concentration (dry) at 
time zero, “‘exp’”’ is e, the base of the natural 
logarithms raised to the power contained in the 
brackets following, D is the pulmonary diffusing 
capacity for CO in ml. STPD/mm. Hg  X sec, 
Va is the total alveolar gas volume during the 
period of breathholding in ml. STPD, and Pb is 
the barometric pressure in mm. Hg minus 47 
mm. Hg. 

In order to derive Equation J, Krogh had to 
assume that (a) the CO concentration was equal 
in all alveoli of the lungs and (b) that the plasma 
CO tension was negligible. The calculations of 
Rauwerda (3) suggest that it is permissible to 
assume that little or no CO gradient would exist 
within the gas of a single alveolus. However, 
recent studies on uneven ventilation (4) make it 
highly probable that the initial alveolar CO con- 
centration varies among different alveoli after a 
single inspiration of a gas containing CO. As- 
sumption (b) has been questioned by Roughton 
(5) because the rate of combination of CO with 
hemoglobin in human red cells at 37° C. is suffi- 
ciently slow in relation to the rate of CO diffusion 
from alveolar gas into the capillary blood that 
a significant tension of CO must be present in 
the blood. At this juncture it should be pointed 
out that capillary CO tension may be significant 
either because the mean capillary COHb concen- 
tration is large or because the diffusing capacity 
in the alveolus is large in relation to the rate of 
combination of CO and Hb. This latter CO 
tension will disappear in the arterial blood, be- 
cause the reaction of CO and Hb will continue 
after the blood has left the alveolus. 

Therefore, the two assumptions (a) and (b) 
are invalid to some degree. In a separate paper 


1128 





CONSIDERATIONS OF CO 
(6) the uptake of CO from a single alveolus 
during breathholding and during steady state 
breathing of a gas mixture containing CO is 
investigated. Obviously the entire discussion 
cannot be reproduced here. For the purpose of 
this paper the decrease in alveolar CO concen- 
tration with time during breathholding can be 
expressed as 


(2) 


i oe 
F, = Fa, exp (- DI Pct) ' 


Va 


where C is a correction factor‘ to allow for the 
fact that the plasma CO tension is not negligible. 

Since it can no longer be assumed that the 
alveolar CO concentration is equal throughout 
the lung, the changes of CO concentration in the 
gas that we can sample, namely the mixed® ex- 
pired alveolar gas, must be studied. The mixed 
expired alveolar CO concentration can be de- 
scribed as the sum of the concentrations of the 
different alveoli, weighted according to their frac- 
tional contribution to the expired sample. Thus: 


a ate 
Far = > iF azi, 


1 


(3) 


where Fag is the mixed expired alveolar CO con- 
centration, ¢; is the fraction contributed by the 
ith alveolus, Far;® equals the CO concentration 
in the ith alveolus, and N is the number of 
alveoli. When the alveolar CO concentration 
as given by Equation 2 is substituted in Equa- 
tion 3, we obtain 


6 is the average rate of combination of CO with the hemo- 
globin in the corpuscle under specific conditions of oxy- 
genation, temperature and pH encountered along the 
pulmonary capillary, expressed in ml. CO STPD com- 
bining/sec. X ml. of blood X mm. CO tension plasma. 
V. is the volume of blood in the pulmonary capillaries in ml. 

5 “Mixed” is indicated by a bar over the symbol (Far 
which equals mixed expired alveolar CO concentration), 
and signifies that the sample contains gas from more than 
one alveolus. ‘‘Mean”’ is indicated by a heavy bar over 
the symbol (Far which equals mean expired alveolar CO 
concentration) and signifies that the sample contains gas 
collected during an entire respiratory cycle. 

6 The CO concentration is considered equal throughout 
an alveolus and the time of expiration is considered negli- 
gible so that the expired alveolar concentration equals the 
alveolar concentration. 
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D; PbC it 
ay V w - (4) 


N 
Far = 2D @iF ao; exp (- 


1 


F4o;, the initial CO concentration in the ith al- 
-—V 
(Vs = Nis Fy, where (Vr — Vp); 
V Ai 
equals the inspired volume reaching the alveolus, 
Va; equals the alveolar volume during the period 
of breathholding, and Fy equals the inspired CO 
concentration (dry). Substituting this expres- 
sion for Fo; in Equation 4, we obtain 
0 


Far consists of the sum of a series of exponen- 

tial decay terms, each exponent of which may 
; D;PbC; 

be different, and equals — eo 
Aj 


intercept or the value of Far when t = 0, is 


veolus equals — 


D,PbCit 
Vii, 


Far=F, soi" SP) exp ( - 
1 


The zero 


This intercept represents 


the sum of the initial concentration in each alve- 
olus multiplied by the fraction of the expired 
sample contributed by that alveolus. Since there 
are a great number of alveoli in the lung one 
would expect to find many with the same decay 
constant. Such similar alveoli can be consid- 
ered together and will be termed a diffusing phase. 
The different alveoli constituting a ‘‘phase’’ are 
not necessarily located near each other. 

It is interesting to consider the log Far, be- 
cause this form is useful in solving for D, the 
pulmonary diffusing capacity. 


‘Di 


Wiss! de 
log Far = log F Fit log So Toa! 
D;PbC;t 


X exp (- “wa 


). © 
This need not be a straight line, as is suggested 
by consideration of Equations J or 2 alone. 
However, if all exponents are equal, then Equa- 
tion 6 becomes 


log Far = log Fro CE V0) 
_ DiPbCit 


Vas (7) 


log io €. 
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This is a straight line relationship. Thus one of 
the conditions for log Far versus time to be a 
straight line as Krogh assumed is that the decay 
constants of all parts of the lung must be equal. 
It is important to note that if the exponents are 
all equal log Fax will be linear regardless of the 
unevenness of ventilation. The exponents will 
be equal if a is equal in the different alveoli. 


Va 


snieliaged depends on the 
we 
8; Ve; 
diffusing capacity of the alveolus (Dj) the vol- 
ume of capillary blood in the alveolus (V,,;) and 
on the rate of combination of CO with Hb (@;). 
Although @ varies with alveolar O, tension, in- 
creasing slightly with a decreasing O, tension, 
the factor C; would be expected to vary less 
throughout the lung than Dj/V4,, the diffusing 
capacity per unit alveolar gas volume. The ex- 
tent of variation of these quantities in the lung 
is unknown at present, although the disappear- 
ance of CO from the alveoli is not exponential 
(1). The problem of obtaining the true total 
pulmonary diffusing capacity in the face of varia- 
tions in D;/Va; throughout the lung is a matter 
for future study. 


C; { which equals 


B. The Uptake of CO under ‘‘Steady State’’ 
Conditions 


Under special conditions and for short periods 
of time, a subject who has started to breathe CO 
reaches a so-called ‘‘steady”’ state. In this con- 
dition, Fa, the mean alveolar CO concentration 
in a single phase is constant from breath to 
breath. In other words, the amount of CO 
removed from the inspired gas during a respira- 
tory cycle equals that being taken up by the 
blood. Stated mathematically when venous 
COHb equals 0, 


f(Vr — Vp) (Fr — Faz) = DFaPbC, (8) 


where F; is the inspired concentration of CO 
(dry), f is the frequency of respiration per second, 
Fax is the mean in time of the expired alveolar 
CO concentration, and Fa is the mean in time of 
the alveolar concentration. Fag does not neces- 
sarily equal Fa, because Fa is a mean over the 
whole respiratory cycle, while Far is expelled 
only during the expiratory phase of the respira- 
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tory cycle. However, it is more convenient to 
let Fa = Fag in Equation 8 and change D to D’. 
This indicates that the value of D’ obtained from 
the application of the “steady state’’ principle 
is not necessarily equal to the true D. If Far 
is substituted for F, in Equation 8 and the latter 
is then solved for Fag, we obtain 

Fy 

Dra * 
f(Vr — Vp) 


Far = 





(9) 
1+ 


However, just as in the case of the fall in CO 
during breathholding, we cannot obtain gas from 
the individual alveoli, but must be content with 
an average sample from the whole lung. For 
the ‘‘steady state’’ circumstances this expired 


sample is a mean mixed expired sample (Fag): 
it is a mean in time over most of the respiratory 
cycle and a mixture of contributions from differ- 
ent alveoli. 

— Voie yen 


Fae = Ae Re. (10) 
Substituting the value of Far for an individual 
alveolus given by Equation 9 in Equation 10, we 
obtain 


Fe se Oe a... We Tas 


—Vo+ D,’PbC; 
ie = Va 





V; (11) 


The total pulmonary diffusing capacity 


N 
(x D/ = D’) has been computed by dividing 
1 


the CO uptake per minute by the mean mixed 
expired alveolar CO tension (2,5). It is impor- 
tant to note that this is not correct unless the 
lung is considered a single diffusing/ventilating 
phase. Thus if total pulmonary diffusing capac- 
ity is calculated by dividing the total CO uptake 
per minute by the mean mixed expired alveolar 
CO tension,’ 


{(Vr — Vp) (Fr (Fr — 
PbFar 


aia, Fan), 





(12) 


7 This, of course, assumes the plasma CO tension is 
negligible, 7.e.,C = unity. Obviously this is not true, but 
(a) it has been done (b) it has a certain clinical usefulness 
and (c) it does not alter the force of the discussion. Any 
alternate presentation appears unnecessarily complicated. 
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aD’ is the apparent pulmonary diffusing capacity 
of the whole lung. This letter ‘‘a’’ for ‘‘appar- 
ent”’ will be used to indicate that the value of D’ 
was obtained from mixed alveolar air from the 
entire lung without regard for variations in the 
diffusing-ventilating ratios of the different al- 


veoli. When the value of Far from Equation J] 
is substituted herein 
(Vr — Vp) 
(Vr = Vo)i_ 
D;’PbC; 
+ fhm Vek 





, _ £(Vr — Vp) 
a 


(13) 


D;PbC; 
{(Vr — Vp)i 
is the same throughout the lung. As discussed 
above, this condition is dependent mainly on 
D;’/(Vr — Vp)i remaining the same throughout 
since C; has been considered unity. The condi- 
tion of constant Dj’/(Vr — Vp); is actually a 
condition of maximum efficiency, where the ven- 
tilatory gas is distributed proportionally to the 
available diffusing surface. Any deviation from 
this ideal condition will make aD’ less than the 
actual D’. It must be noted that this condition 
is not the same as the major requirement that 
mean expired CO fall exponentially with time, 


aD’ will equal the true total D’ if 


whiely to thet 


be constant throughout the 
Vai 


lung. 
The fractional CO uptake 


( CO inspired in ml./min. ) 
CO absorbed in ml./min. 





has been investigated by a number of workers 
(7-9). The CO uptake per minute of any alveo- 
lus equals f(Vr — Vp)i(Fi — Faz); (see Equa- 
tion 8). Therefore the CO uptake per minute 


N 
for the whole lung is f ©} (Vr — Vp)i(Fi — Fax;). 
1 


Using the value of Fax; given by Equation 9, 
since the inspired CO is fV+7F1, fractional CO 
uptake in per cent 


100 X 
~ {Ver ~ 1 pet, 
{(Vr — Vp)i | Di’PbC; 





(14) 





It is clear from this equation that changes in 
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fractional CO uptake cannot be related to changes 
in pulmonary diffusing capacity unless the rela- 
tionship of D’, Vr — Vp and C are known for 
all parts of the lung. Disregarding for the 
moment any question of variations in Dj;’C;/ 
(Vr - Vp); throughout the lung, an increase in 
D’ will cause an increased fractional CO uptake 
which seems reasonable. Note however that an 
increase in minute ventilation (fVr) will cause a 
decrease in fractional CO uptake (9) (except at 
extremely low tidal volumes). If we include the 
possibility of variation in D,’C;/(Vr — Vp); in 
the lung, a change in ventilation pattern could 
cause a decrease in fractional CO uptake even 
though total diffusing capacity and total venti- 
lation were kept constant. It can be shown that 
the fractional CO uptake will be maximal when 
the two terms of the denominator of Equation 14 
are in the same ratio in all phases. The frac- 
tional CO uptake in the presence of uneven dis- 
tribution of gas within the lung will be influenced 
more by the diffusing capacity of overventilated 
parts of the lung than of the underventilated 
parts. 

It must be emphasized that the assumption 
that respiration is a continuous process is cer- 
tainly not true and use of Equation /4 to correct 
for the effect of changes in effective ventilation 
{(Vr — Vp) upon the fractional CO uptake may 
fail in extreme cases for this reason. 


C. The Effect of the Presence of COHb in the 
Mixed Venous Blood 


In all discussions up until this point, it has 
been assumed that the mixed venous blood had 
no significant amount of COHb in it. Under 
normal circumstances this is true, but after 
periods of breathholding approaching a minute, 
the alveolar CO concentration falls to levels 
where the tension of CO in equilibrium with the 
venous blood becomes important in smokers. 
Therefore, it is often necessary to make a correc- 
tion for the mixed venous COHb. This problem 
is discussed in more detail in another paper (6) 
but for present purposes it will suffice to say that 
since all the processes discussed above are expo- 
nential, we should deal with the difference be- 
tween the alveolar CO concentration and its 
value at equilibrium, rather than the alveolar CO 
concentration alone. 

‘In the cases already discussed the equilibrium 
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value has been zero, but in cases where the mixed 
venous COHb is significant, the equilibrium value 
becomes greater than zero. When the alveolar 
O, tension is high enough to ensure saturation of 
the Hb, as when 100 per cent O, is inspired, the 
equilibrium CO concentration can be calculated 
from the Haldane relationship (10), 


F, « See. (15) 

MO:Hb 
F, is the CO concentration, F.o, the O2 concen- 
tration of gas in equilibrium with the blood. 
COHb and O:Hb are the concentrations of the 
respective compounds expressed in volumes of 
gas (STPD) combined per volume of blood. 
Aside from questions as to the exact value of M, 
which is approximately 210, this equation is al- 
most precisely correct when 100 per cent QO, is 
inspired, because the capillary O, tension be- 
comes equal to the alveolar O2 tension near the 
venous end of the capillary, and the CO tension 
in the plasma will build up from what it was in 
the mixed venous blood to correspond to the value 
given by Equation 15 equally rapidly. With 
lower alveolar O, tensions the use of the Haldane 
relation becomes less exact, but because the 
COHb concentration is almost always less than 
0.02 ml. gas per ml. blood (2 vols. per cent) in 
the mixed venous blood, the error involved is 
usually negligible. 

Substituting (alveolar CO concentration-equi- 
librium alveolar CO concentration) for alveolar 
CO concentration, the expired alveolar CO con- 
centration of a single alveolus during breath- 
holding following a single inspiration of a gas 
containing CO becomes 


ged [F Vr — Vp _ Feo,COHb 
an, whe: MO.Hb 
be (- ee ‘) Feo, COHb 
A 


MO.Hb * 
Similarly, the mixed expired alveolar CO con- 
centration during breathholding (Equation 5) 
becomes 


(16) 





~ [e — Vp)iFr _ cre] 


Far = 2 oi Vai MO.Hb 


— PapeCe] ~ , COHbF.0,i 


X exp Va, + - oi “M0. Hb, (17) 
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The last term containing COHb is a summa- 
tion, weighted according to the contribution of 
each phase. In practice the entire term is small, 
and can be calculated from average values of 
COHb, O2Hb and F,o,. 

Analogous equations can be obtained for the 
steady state conditions, but are more involved 
than the equations above and will not be repro- 
duced here. It is more convenient to change 
the variable in the equations already given in 
the previous section on the steady state condi- 
tions. This simply means subtracting the equi- 
librium value of CO concentration (COHbF,o,)/ 
MO:Hb from Fy, and Fy, and substituting these 
new values in the given equations. 


D. The Relation between Expired Alveolar CO 
Concentration and Time Considering Res- 
piration a Continuous Process and 
the Lung as a Single Bag 


The circumstances considered in this section 
deal with a subject who starts to breath a mix- 
ture containing CO. The equations are con- 
cerned with the washout of the original gases in 
the alveoli, and the attainment of a steady state 
where the CO brought to the alveoli by the 
ventilation equals that carried away by the 
blood. This washout process is essentially com- 
plete before the mixed venous blood COHb be- 
comes significant. Respiration is considered to 
be a continuous process. Variations in ventila- 
tion, or diffusion throughout the lung are ignored, 
because of complexity, and the lung is considered 
a perfectly mixed bag. 

The rate of change of CO contained in the 
(dFaVa) 
dt 
which CO is carried to the lung by ventilation 
(Vr — Vp)f (Fr — Fea) less the rate at which it 
is carried away by diffusion into the blood 

(FxaD’PbC). Thus 


dFaVa 
dt 


lung gases equals the net rate at 


= (Vr — Vp) (Fr — Far) 

—F,aD’/PbC. (18) 
The difference between the inspired and expired 
gas volumes has been ignored. Note that the 
factor C has been included to allow for the fact 
that plasma CO tension is not always negligible. 
Since respiration has been considered a continu- 
ous process, mean expired alveolar CO (Fax) and 
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mean alveolar CO (Fa) are implicitly considered 
equal, and therefore aD’ is used rather than aD 
as discussed earlier. Furthermore, since all un- 
evenness of ventilation and diffusion throughout 
the lung is ignored, aD’ is employed rather than 
D’. The solution of Equation /8 is 


Fi E — exp ( 


aD’PbC 
f{(Vr — Vp) 


Va 





Far = 


Py 


x |icvs «Yah > ap’pbc }) . (19) 


The Uptake of CO under ‘‘Steady State”’ 
Conditions over Long Time Periods 


If the circulation time of the blood is negligible 
in comparison with the period of time under con- 
sideration, then the body blood volume (B), 
which includes myoglobin, may be assumed mixed 
at any instant, and the washout time of the gas 
in the lungs can be neglected. If in addition, 
ventilation-perfusion and _ ventilation-diffusion 
ratios are assumed equal throughout the lung 
and ventilation is assumed a continuous process, 
then the change in total COHb content of the 
blood at any instant will equal the amount of 
CO diffusing across the pulmonary membrane. 
Stated symbolically, 
dCOHb COHDbF .o, 


— B= [Fr ~ “M0.Hb aD’PbC. (20) 
The right hand term can be looked on as the 
pressure difference between the CO in the alveo- 
lar gas and that in the blood, multiplied by the 
pulmonary diffusing capacity, corrected for the 
slowness of the reaction of CO with Hb by the 
factor C. aD’ is used because the expired al- 
veolar CO concentration is considered equal to 
the alveolar CO concentration in a continuous 
process, demanding a prime. Variations in dif- 
fusing capacity and ventilation throughout the 
lung have been ignored, demanding the ‘‘a.”’ 
Because ventilation is continuous, the CO in- 
crease in the blood must equal the CO lost in the 
ventilatory exchange, or 


dCOHb 
dt 


8 Dr. Philip Hugh-Jones has told us that an equation 
similar in many respects to this one has been developed 
at the M.R.C. Pneumoconioses Unit in Wales, and will 
be reported in the future. 


B = f(Vr — Vp) (Fi — Fa). (21) 
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Equations 20 and 21 are combined and solved 


for Fa in terms of COHb. This value of F, is 
then inserted in Equation 20 and the resulting 
differential form solved. The result is 


X (1 — exp (— xt + yCOHb)), (22) 


where 


[aD’ PbC + HEC >» Vb) (F ‘+- son)" 


Vp) (“3 i! )s 





x = 


BaD’PbCf(\ 


j ‘ F.o, 
(H+ ow) 
F.o, 


M 


$ 


and S is the capacity of the blood for CO or O, 
in ml. gas (STPD) per ml. blood. Although this 
relationship is complicated it will describe satis- 
factorily the published data of Forbes, Sargent, 
and Roughton (7) and Pace, Consolazio, White, 
and Behnke (8). The equations of these investi- 
gators (7, 8) and of Hatch (11) can be shown to 
be approximate forms of Equation 22. Even 
this complicated equation contains a number of 
simplifying assumptions, which are listed above, 
plus an additional assumption that C does not 
vary significantly during an experiment, which 
is probably true enough, provided the arterial 
blood is not unsaturated. This equation is use- 
ful, either to obtain estimates of aD’ or knowing 
aD’ and C, to predict the rate of build up of 
COHb in the blood. Variations in C are pri- 
marily a function of changes in the aiveolar O, 
tension. 


SUMMARY 


Preliminary investigations on the Krogh CO 
method of measuring the diffusing capacity of 
the lung revealed the necessity for re-examining 
the theory of CO uptake from the lungs. Equa- 
tions have been derived which describe mixed 
expired alveolar CO concentration, during breath- 
holding following a single inspiration of a gas 
containing CO and during “steady state”’ breath- 
ing of a mixture containing CO, when the alveoli 
have different ventilation rates, alveolar gas vol- 
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umes, and diffusing capacities. The effect of 


significant amounts of COHb in the mixed venous 
blood is discussed. 
rived describing the expired alveolar CO concen- 
tration during the breathing of a mixture con- 


Two equations are also de- 


taining CO. The first deals with the initial 
‘‘washout”’ of the lung gases, and the attainment 
of the gas ‘‘steady state.’”” The second deals 
with the much slower build-up of COHb in the 


mixed venous blood. 
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In 1915, M. Krogh reported the use of carbon 
monoxide in an ingenious technique for the meas. 
urement of the pulmonary diffusing capacity in 
man (1). In her method a maximal inspiration 
of a gas mixture containing CO was made from 
residual volume and followed immediately by an 
expiration of at least one liter of gas. The breath 
was held at the remaining volume for 6 to 10 
seconds, and then a maximal expiration was 
made. The terminal volumes of the two ex- 
pirations were considered to be alveolar gas and 
were analyzed for CO concentration. M. Krogh 
assumed the CO concentration decayed exponen- 
tially and derived the following equation to 
describe this decay. 


(1) 


Fa = Fay exp (- 


DPbt 
vs) 

F, is alveolar concentration of CO (dry) at 
time t (Krogh’s final sample) ; Fa, is the alveolar 
concentration (dry) at time zero (Krogh’s initial 
sample); ‘‘exp” is e, the base of the natural 
logarithms, raised to the power contained in the 
brackets following; D is the pulmonary diffusing 
capacity for CO in ml. STPD/mm. Hg  X sec.; 
Va is the total alveolar gas volume in ml. STPD 
during the period of breathholding, obtained from 
a spirometer tracing and from measurement of 
functional residual capacity; t is time in seconds 
between the delivery of the two gas samples; and 
Pb is the total barometric pressure minus 47 mm. 
Hg. The pulmonary diffusing capacity (D) was 
calculated by substituting the values obtained 
for Fa, Fa,, t, Pb and V4, in a rearrangement of 
Equation J. 
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In order to derive Equation /, Krogh had to 
make the following major assumptions: (a) that 
the CO concentration in the first sample was 
representative of all alveolar gas; and (b) that 
the CO tension in the pulmonary capillary® 
plasma (P.) was negligible. Although her tech- 
nique involves delivering two expired alveolar 
samples, these are actually parts of the same 
expiration, being separated by the breathholding 
period. It is now known that these two alveolar 
samples would not have the same initial CO 
concentration (2). Furthermore, Roughton has 
indicated that P, may not be negligible (3), cast- 
ing doubt on the validity of the second assump- 
tion. Therefore, it was decided to reinvestigate 
the disappearance of CO from the human lung 
during breathholding following a single inspira- 
tion of a gas mixture containing CO. Recently 
developed physical methods of gas analysis, in 
particular mass spectrometry and infrared ab- 
sorption techniques, were used throughout. 

At first Krogh’s experiments were repeated as 
she described them (1) and values for the pul- 
monary diffusing capacity were obtained which 
agreed with those she reported. However, the 
calculated value of the pulmonary diffusing ca- 
pacity varied with the length of time the breath 
was held, which is incompatible with Equation /. 
In order to investigate this phenomenon further, 
the experimental procedure was modified. Only 
one expired sample was obtained, and the initial 
CO concentration (F4,) was computed from the 
dilution of an insoluble gas (He) contained in the 
inspired mixture. This obviated the necessity 
of comparing CO concentration in two different 
alveolar gas samples, and thereby eliminated the 
need for Krogh’s first premise above. The breath 
was held for different lengths of time, and when 
the resulting expired alveolar CO concentrations 

5 The term ‘‘pulmonary capillary” refers to that part of 


the pulmonary vascular bed which is exposed to alveolar 
gas. 
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were suitably corrected for variations in the dilu- 
tion of the inspired mixture, a plot of log Fa 
against time was obtained. This plot of log F4 
against the duration of breathholding was not a 
straight line in the seven subjects studied, as 
Krogh had assumed. Some pertinent theoretical 


considerations of these results are presented in 
the accompanying paper (4). 


METHODS 


The concentration of CO was measured in an infrared 
gas analyzer.* It had an analysis chamber of 60 ml. 
capacity which required a 200 ml. sample to flush it com- 
pletely. The response of the instrument to a sudden 
change in CO concentration was 90 per cent complete in 
0.4 second. Background noise was equivalent to from 
0.0005 to 0.001 per cent CO. The calibration curve was 
alinear, so that the proportional precision varied with the 
CO concentration. Representative limits of overall error 
were +0.005 per cent at 0.400 per cent CO and +0.001 
per cent at 0.010 per cent CO. The instrument was also 
sensitive to water vapor and carbon dioxide. Forty-seven 
mm. Hg of water vapor gave a response equivalent to 
0.002 per cent CO; this increased to 0.010 per cent CO 
over a matter of months, as the detector unit aged. This 
response was additive to the CO deflection, so in practice 
either a zero correction was made for water vapor in the 
breath or the samples were dried with CaCl, before analy- 
sis. Five per cent CO: gave a response equivalent to 0.001 
to 0.002 per cent CO. In experiments in which this con- 
stituted a significant error, a suitable correction was made. 


























FiGureE 1 


Arrangement of apparatus. (A) is a 300 litre plastic bag, 
(B) a 300 litre metal box, (C) a capacitance manometer 
resistance flow meter (Lilly), (D) a 6 litre spirometer, 
(E) and (F) are 2 cm. bore three way metal taps, (G) a 
6 litre rubber sample bag, and (H) the inlet to the mass 
spectrometer sampling system. The circuit is fitted with 
unidirectional flow valves. 


6 Liston-Becker Instrument Co., Stamford, Conn. 
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A CO mixture of known concentration was used to cali- 
brate the infra red gas analyzer for each analysis. 

Helium, nitrogen, oxygen, and carbon dioxide were ana- 
lyzed with a single channel, continuously sampling mass 
spectrometer.?. This instrument was precise to at least 
1 per cent of full scale. The gas sample was drawn con- 
tinuously into the spectrometer at a rate of 0.3 ml. per 
second. The 90 per cent response time was 6.12 second, 
of which 0.06 second represented the time the gas sample 
took to flow through the inlet system to the spectrometer. 
Since this inlet delay was constant, the useful 90 per cent 
response time was 0.06 second. The instrument was sensi- 
tive to 0.05 per cent Ne, 0.25 per cent He, 0.05 per cent O; 
and 0.04 per cent CO:, and gave a linear output. 

Respiratory flow rates were recorded with a capacitance 
manometer flowmeter (Lilly). The mass spectrometer 
and flowmeter outputs were recorded simultaneously by 
means of a double channel D.C. amplifier and pen motor? 
on a paper record running at either 5 or 25 mm. per second. 
Gas volumes were measured in either a 6 or 100 liter 
spirometer. 

The diagram of the apparatus used is shown in Figure 1. 
Inspiration was made from a neoprene bag (A) contained 
in a sealed metal chamber (B). Expiration was made 
through the flowmeter (C) into the chamber (B). A 6 liter 
spirometer (D) recorded changes of total volume in the 
system. Two 2 cm. diameter three way taps (E and F) 
were provided. Tap E enabled the subject to breathe out 
the first liter of an expiration into the circuit, and to 
collect the remainder in a rubber bag (G) close to the 
mouthpiece. Tap F permitted closure of the inspiratory 
bag to prevent loss of the inspired gas. The inlet (H) to 
the mass spectrometer sampling tube was at the mouth- 
piece. 

In an actual experiment the tubing from bag A to tap F 
was first flushed with the inspired gas, and the sampling 
bag evacuated and closed off. The inspired gas mixture 
was usually 0.3 per cent CO, 10 per cent He, 20 per cent O, 
and 70 per cent Nz. The seated subject, wearing a nose 
clip, stopped breathing at the end of a normal expiration, 
put the mouthpiece in his mouth and expired to his re- 
sidual volume. He then rapidly inspired the desired 
volume of the gas mixture containing CO, held his breath 
for a predetermined time, and rapidly expired to residual 
volume, turning tap E to collect the sample after a liter 
or more of gas had been expired. Expiratory flow rate 
and He concentration were recorded simultaneously during 
this procedure. This discarded gas volume was considered 
sufficient to wash out the respiratory dead space, so that 
the collected sample was “alveolar gas.’’ This sample 
was then analyzed for CO. Its average He concentration 
as a fraction of that inspired could be obtained from the 
records taken during the experiment. The time of breath- 
holding was measured from the start of expiration of the 
sample, as indicated by the flowmeter. This experiment 
was repeated with the breath held for different periods of 
time such as 60, 10, 50, 20, 40, 30 seconds in that order, 

7 Consolidated Engineering Corp., Pasadena, California. 

8 Brush Development Co., Cleveland, Ohio. 





CO ABSORPTION DURING 


so that the relation between mixed expired alveolar CO 
concentration and time could be plotted. 

Helium was added to the inspired gas mixture to provide 
a method of obtaining the alveolar CO concentration at 
time zero without collecting two gas samples as Krogh (1) 
did. The mixed expired alveolar CO concentration at 
time zero in the collected sample (Faro)* was computed 
from the data by assuming that He was insoluble in blood 
and tissue, and that CO was not absorbed by blood or 
tissue to any significant extent until the inspired and 
residual gases were mixed. The validity of these assump- 
tions is discussed later. The mixed expired alveolar con- 
centration of CO at time zero could therefore be calculated 
as follows: 


(2) 


Where: Faro = Calculated dry CO concentration of the 
collected sample at time zero.” 
Farge = Mixed expired alveolar He concentration 
dry. 
F; = Inspired CO concentration dry. 
Fi. = Inspired He concentration dry. 


The original alveolar concentration of CO calculated as 
described above varied a great deal because of differing 
inspired concentrations of CO and differing relations be- 
tween inspired and residual gas volumes, in spite of con- 
scious effort to maintain them constant. For convenience 


in plotting, all values of Faro were adjusted to an initial 
alveolar concentration of 0.2 per cent CO dry. That 
is, any value of Fax was multiplied by the fraction 
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Fic. 2. REPEATED CO DISAPPEARANCE CURVES IN THE 
SAME SEATED SUBJECT ON DIFFERENT Days 


Inspired gas mixture contained 20% O2. Results typi- 


cal of those on seven normal men. 


® This terminology is discussed in the previous paper (4). 
1 The duration of delivery of the collected sample will 
be ignored at this point. 
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Fic. 3. THE EFFECT OF ALTERING THE O2 AND CO, 


TENSIONS IN THE INSPIRED GAS MIXTURES UPON THE CO 
DISAPPEARANCE CURVE IN THE SEATED SUBJECT 


Results typical of four normal men. 


0.2 per cent CO 


: —~ before it was plotted. The justification 
Faro 
for this operation is given in Equation 5 of Reference 4. 
Assuming an alveolar gas volume of 4,000 ml., a pul- 
monary blood flow of 6,000 ml. per minute, a volume of 
watery tissue exposed to the alveolar gas of 1,000 ml. (5), 
and a partition coefficient for He at 37° of 0.0098 (6), the 
He dissolved in the blood and tissues in a minute would 
(1,000 + 6,000) 
4,000 
2 per cent of the He in the alveolar gas. For the purposes 
of the present experiments this error can be neglected, and 


the He can be assumed insoluble in blood and tissue. 


bel less than .0098 or approximately 


RESULTS 


Figure 2 shows three complete series of experi- 
ments on one subject on different days inspiring 
a CO-He mixture in air. It isclear that CO does 
not disappear exponentially from the alveoli dur- 
ing breathholding. The curvature is typical of 
28 separate series of experiments on seven seated 
normal men 29 to 37 years of age. 

The effect of varying the alveolar pO: was also 
tested because present information on the kinet- 
ics of the CO + Hb reaction predicts that lower- 
ing the alveolar O2 tension would increase the 
rapidity of disappearance of CO from the lung 
(7). Roughton (3) has suggested that a signifi- 
cant capillary CO tension exists when breathing 
20 per cent Oz, but that the true pulmonary 
diffusing capacity might be obtained in spite of 
this by observing the diffusing capacity at de- 
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creasing alveolar O2 concentrations and extrapo- 
lating to a point where it might be expected that 
the capillary pCO was negligible. In order to 
investigate these points the effect of varying the 
alveolar O, tension on the CO uptake was studied 
in four normal men and typical results are shown 
in Figure 3. The experiments were carried out 
in the same manner as those described above 
except that, after breathing air, the subject in- 
spired a gas mixture containing 0.3 per cent CO 
plus either 90 per cent O, and 10 per cent He; 
12 per cent Oz, 78 per cent Nz and 10 per cent 
He; or 5 per cent Oz, 85 per cent Nz and 10 per 
cent He. As predicted (7) when alveolar oxygen 
concentration decreased, the rate of CO disap- 
pearance increased. This effect did not reach 
an obvious maximum with decreasing alveolar 
O, tensions nor was it possible to extrapolate the 
data to lower alveolar O, tensions. There was 
a significant difference in the CO uptake at 
different alveolar O, tensions even with breath- 
holding for only 3 to 5 seconds. 

The effect of adding 6 per cent CO, to the 
inspired mixture (6 per cent CO; 19 per cent O2; 
10 per cent He; approximately 0.3 per cent CO, 
65 per cent N2) is also presented in Figure 3. 
There is a tendency for the alveolar CO concen- 
tration after about 20 seconds to be lower when 
6 per cent CO, is added to a given inspired mix- 
ture. This was typical of the four subjects 
studied. 
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Fic. 4. THe Errect or ALTERING THE INTRAPULMONIC 
PRESSURE DURING BREATHHOLDING ON THE CO DISApP- 
PEARANCE CURVES IN THE SEATED SUBJECT 


Intrapulmonic pressure approximately +40 mm. Hg 
during Valsalva; —40 mm. Hg during Miiller. Results 
typical of two normal subjects. 


V. BATES, AND B. VAN LINGEN 


Since the intrapulmonic pressure during breath- 
holding may vary considerably, and any changes 
in it might affect the shape of the CO disappear- 
ance curve, the effects of extremes of intra- 
pulmonic pressure were investigated. CO dis- 
appearance curves were obtained in two normal 
males, the subject maintaining voluntary positive 
(Valsalva) or negative (Miiller) intrapulmonary 
pressure with the glottis closed, during the period 
of breathholding. The pressures so obtained 
were estimated to be roughly plus and minus 
40 mm. Hg, respectively. These maneuvers re- 
quire a high degree of cooperation, but in the 
trained experimenters used, it seemed reasonable 
to assume that the intrapulmonary pressure 
varied more between these two states than it 
would during a single experiment under the usual 
breathholding conditions. <A typical set of dis- 
appearance curves is shown in Figure 4 along 
with a normal curve, the data of which are given 
in Table I. There is no significant difference 
between the data. 

Since M. Krogh found that the diffusing capac- 
ity for CO varied with lung volume, the CO 
disappearance curve was investigated at different 
total lung volumes. We did not find a significant 
increase in pulmonary diffusing capacity with 
increasing lung volume. These results will form 
the substance of a future report. 


DISCUSSION 


Because the initial slope of log Fag plotted 
against time may be two to more than five times 
greater than the slope between 40 and 60 seconds, 
and since the pulmonary diffusing capacity (D) 
as calculated by Krogh (1) is proportional to the 
slope, D can vary greatly depending on the por- 
tion of the log Fax curve used in the calculation. 
The longer the breath is held, the less the ap- 
parent D. 

Another source of error in Krogh’s technique 
arises because of the presence of non-uniform ven- 
tilation of the lung. The two alveolar samples 
she collected were really parts of one expiration 
interrupted by a period of breathholding. It is 
known that the first part of any expiration 
(corresponding to Krogh’s initial sample) con- 
tains higher concentrations of the gases that were 
inspired in the preceding inspiration than the 
later parts of the expiration (Krogh’s final 
sample) (2). Thus Krogh’s early gas sample 





CO ABSORPTION DURING BREATH HOLDING 


TABLE 1 * 














Fak corr. 
i for blood 
Far COHb and 
adjusted corr adjusted 
to 0.2% for. to 0.2% 
initially blood initially 
Fx 2) h COHb ix 2 
e F. (f-h) e 
% dry % dry % dry 


% dry 
0.011 0.0010 0.013 0.010 
0.120 0.0017 0.144 0.117 
0.016 0.0025 0.020 0.015 
0.088 0.0032 0.105 0.085 
0.022 0.0040 0.024 0.019 
0.051 0.0048 0.049 


0.063 
0.037 0.0055 0.040 0.033 


b e 
Vol. of c d npn 
a inspired He Faro 
Time gas Fako, dilution (k X d) 
secs. L.STPD % dry ratio % dry 


60.6 3.82 15.0 0.80 0.264 

4.6 3.70 20.3 0.75 0.247 
51.2 3.40 16.5 0.82 0.270 
10.6 3.73 18.6 0.76 0.250 
40.2 3.84 16.4 0.77 0.254 
20.6 3.42 18.2 0.82 0.270 
29.0 3.55 iv.3 0.76 0.250 





0.068 
0.046 





* Inspired gas contained 0.327 per cent CO (k), 22.6 per cent Oz, about 10 per cent He and the remainder Nag, all 
expressed as dry gas. 

Column (a) is explained elsewhere in the text. (b) is self-explanatory. (c) Faro, is the mixed expired O2 con- 
centration in the alveolar sample (dry). (d) The He dilution ratio equals mixed He concentration (dry) of the collected 
expired alveolar sample/inspired He concentration (dry), both in scale deflection as measured at the mouthpiece. 
(e) Faz equals the CO concentration that was in the sample initially and is computed by multiplying the inspired CO 
concentration (0.327 per cent) times the He dilution ratio (d). (f) Collected sample analysis in per cent CO (dry). 
This has been corrected for an analytical error of +0.0015 per cent CO because of presence of CO. (g) The sample 
analysis. adjusted to 0.2 per cent CO (dry) initially. (h) F. (per cent dry) is the ‘‘average”’ concentration of CO in 
the gas in equilibrium with blood in the pulmonary capillary during each experiment. The mixed venous COHb con- 
centration was estimated immediately before and after the series of experiments using Sidsteen and Sjéstrand’s technique 
(13). Using the Haldane relationship and assuming a mean alveolar O» concentration of 17.4 per cent (dry) during an 
experiment, these values were initially 0.0013 ml. CO/ml. blood: finally 0.0134 ml. CO/ml. blood. The concentration 
of CO in the gas in equilibrium with the capillary blood before and after the experiments is calculated from the CO 


concentration in the rebreathing bag, assuming F, is proportional to Feos- 


0.0055 per cent finally. 
experiment can thus be computed. 


The average increment of F. per experiment is 0.0007 per cent CO. 


The values are: 0.0006 per cent initially ; 
The average F, in each 


(i) The mixed expired alveolar CO concentration in per cent (dry) corrected for 
the pressure of COHb in the capillary blood by subtracting F, (Col. h) from Far (Col. f). 


(j) The mixed expired alveolar 


CO concentration corrected for the presence of COHb in the capillary blood is now adjusted to an initial alveolar CO 
0.2 


concentration of 0.2 per cent (dry) by multiplying by 


0.2 
initial CO con. 


°F Col. e° 


Comparison of figures in Column g and Column j shows that the correction applied for the mixed venous COHb 
content changes the final value for Far by only a small amount. 


probably had more CO in it at time zero, before 
any CO was absorbed, than the final sample did. 
This fact would increase the difference in CO 
concentration between the two samples and thus 
would increase the calculated value for D. This 
type of error is minimized in the present experi- 
ments by comparing the CO concentration in a 
given sample at any time with the initial CO 
concentration in that sample, using He as an 
insoluble tracer. It must be emphasized that 
although unevenness of ventilation can alter the 
absolute concentration of CO in a given fraction 
of the expired breath, it cannot per se produce a 
curvature of the plot of the logarithm of CO 
concentration against time. 

A number of possible causes of the non- 
linearity of the semi-log plot of the mixed ex- 
pired alveolar CO concentration (Fag) will be 
discussed : 

1. Systematic error in measurement. The pos- 
sible error in the measurement of time must have 


been less than 1 second because inspiration and 
expiration together took less than 2 seconds and 
time measurements were made in all cases from 
the start of inspiration to the start of expiration. 
Inspection of Figure 3 shows that an error of one 
second could not straighten the curve appreciably. 


Finte 
————= was found to be independent 
"AEHe 


of the length of time the breath was held within 


The ratio = 


limits of measurement. Thus the only analysis 
that could have produced the upward concavity 
of the log Fax plot was that of Fag itself. 

The analytical error in Fag ranged from +2 
per cent early in the disappearance curve to a 
maximum of +10 per cent in the 50 second 
region, as stated earlier. If this +10 per cent 
error is applied to the data in Figure 3, in any 
order whatsoever in disregard of its probably 
random distribution, the slope can hardly be 
changed more than 25 per cent in any region. 
Since the slope varies two to five fold over the 





1140 R. E. 


curve, the analytical errors alone could not pro- 
duce the curvature found. 

2. Saturation of tissues with dissolved CO. If 
a significant fraction of the CO absorbed during 
the early part of the disappearance curve were 
dissolved in tissues exposed to the pulmonary 
gases, as these tissues became saturated with CO, 
the total rate of CO disappearance would de- 
crease. This phenomenon would produce a cur- 
vature upwards of the type seen in Figure 3. 
Assuming a total volume of tissue exposed to 
alveolar gas of only 1,000 ml. (5), since in this 
instance our interest is limited to tissue that is 
exposed to alveolar gas and could become satu- 
rated with CO, with a total lung gas volume of 
4,000 ml. and a partition coefficient for CO of 
0.02 (6), at equilibrium the tissue would contain 
on = O88 or 0.5 per cent of the CO contained 
in the alveolar gas. Even if the pulmonary 
tissue equilibrated with the initial alveolar gas 
concentration and released it at a time when the 
alveolar CO concentration had decreased to low 
levels, the increase in the alveolar CO concen- 
tration could not be more than 0.5 per cent of 
the initial value. Inspection of Figure 3 shows 


that 0.5 per cent of 0.2 per cent CO, or a 0.001 
CO change in F,g would not substantially change 
the slope of the curve. 

3. Effect of decreasing lung volume. 
breathholding, the volume of gas in the lung will 
decrease since CQ, will be added at a slower rate 


During 


than oxygen will be removed. This decrease in 
volume will tend to increase the concentration of 
CO in the lung gas as time proceeds. However, 
the total decrease in lung volume during one 
minute of breathholding is unlikely to exceed 5 
to 10 per cent (8), which would produce a pro- 
portional increase in CO concentration. It can 
be seen from Figure 3 that this factor is far too 
small to produce the curvature observed. 

4. Changes in total alveolar pressure. The rate 
of disappearance of CO from the alveolar gases 
is proportional to its partial pressure, so that an 
increase in total intrapulmonic pressure produces 
an increase in the rate of CO loss. If the sub- 
jects by thoracic effort produced a higher intra- 
pulmonic pressure early in the period of breath- 
holding than later, the exponential rate of CO 
disappearance would decrease with time and an 
upward curvature of log Far would result. Ac- 
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cording to the results shown in Figure 4, a change 
of 80 mm. Hg in the intrapulmonic pressure 
during breathholding did not alter the rate of CO 
disappearance noticeably. Since the subjects 
were trying to relax during breathholding under 
the usual experimental conditions, the intrapul- 
monic pressure would not have been expected to 
rise much above 22 mm. Hg (9). It has there- 
fore been concluded that changes in intrapul- 
monic pressure probably did not cause the curve- 
ture seen in Figure 3. 

5. Diffusion of CO into the alveoli from the dead 
space. The concentration of CO in the alveolar 
gas decreases markedly during the period the 
breath is held. There will consequently be a 
tendency for CO to diffuse into the alveoli from 
the dead space. Experiments were performed 
on two subjects in which several liters of the 
inspired gas mixture containing CO were followed 
without interruption by a liter of air so that the 
dead space was washed free of CO (10). Under 
these circumstances, the shape of log Fag versus 
time was unchanged. It was therefore concluded 
that this factor was unimportant in producing 
the curvature. 

6. Absorption of CO from the inspired gas before 
it has mixed completely with gases already in the 
lungs. Some CO may be absorbed at a higher 
rate from the inspired gas, rich in CO, before it 
is completely mixed with gas initially in the 
lungs. However, it seems likely that mixing of 
gas within an alveolus is complete within a few 
thousandths of a second following the completion 
of inspiration (11). Therefore, this factor can- 
not be responsible for the curvature after the 
first second. In addition, there are apparently 
no sharp discontinuities in the different curves 
between the 5 second point and the time zero 
point (Figure 3, for example). Since the latter 
point is calculated on the assumption of com- 
plete mixing of the inspired gas with the residual 
gas in the lungs before any absorption takes 
place, it seems reasonable to conclude that this 
is approximately true. 

7. Presence of significant carboxyhemoglobin in 
the capillary blood. When there is COHb in the 
capillary blood, the alveolar CO concentration 
will fall to approach a value in equilibrium with 
it at an oxygen tension and O.Hb saturation 
representing an average along the pulmonary 
capillary. If the presence of the COHb is ig- 
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nored, an apparent upward curvature of log Fag 
will result. COHb can be present in the pul- 
monary capillary blood either because it is in the 
mixed venous blood, or because it is formed in 
the pulmonary capillary. In either case, the 
blood COHb can be taken into account by plot- 
ting log (Far — F.) against time instead of log 
Fag, where F, is the concentration of CO in equi- 
librium with the blood under average pulmonary 
capillary conditions. This procedure is justified 
by Equation 17 in the accompanying paper (4). 

Considering first the possibility that there was 
significant COHb in the mixed venous blood, it 
is interesting to note that it was impossible to 
choose any value of F, which would produce a 
linear plot of log (Far — F-) for most of the data. 
Although the highest COHb concentration found 
in the mixed venous blood of smokers (12) could 
not explain an upward curvature of the degree 
seen in Figure 3, estimates of the mean capillary 
COHb concentration were made before and after 
a series of experiments in four normal subjects, 
and values for capillary COHb calculated by 
interpolation. In three of the subjects, F. was 
estimated by the method of Sidsteen and Sjé- 
strand (13), which consisted of a preliminary 
4 minute washout of the lungs with 100 per cent 
O, followed by 4 minutes of rebreathing in a 
6 liter closed circuit filled with 100 per cent O, 
and including a CO, absorber. The final CO 
concentration was considered F, at the final O, 
concentration in the closed circuit. This value 
of F, was corrected to the actual capillary O, 
tension during the breathholding experiments, by 
considering F, proportional to the capillary O, 
tension. Ina fourth subject, these estimates of 
F. were checked by the blood COHb method of 
Roughton and Root (14) assuming a Haldane 
coefficient of 220, which agreed within less than 
10 per cent. 

Table I presents the data and computations of 
such a series of experiments in which the alveolar 
CO concentration was corrected for the presence 
of the COHb in the capillary blood. The un- 
corrected data (Col. g) are plotted in Figure 4 
as an example of normal uncontrolled intrapul- 
monary pressure during breathholding. A com- 
parison of Fag uncorrected (Col. g) with Far 
corrected (Col. g) shows that the effect of the 
blood COHb concentration is small and could 
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not be responsible for the curvature seen in 
Figure 4. The increase in effective CO gas con- 
centration in equilibrium with the blood (F,) 
(Col. (h) 0.0055 per cent CO) during a complete 
series of experiments is so small as to exert a 
minimal effect on the curvature of the log Fan 
plot against time. Results were similar in the 
three other normal subjects. Therefore, it can 
be concluded that the curvature of the log Ps 
plot is not due mainly to the presence of COHb 
in the mixed venous blood. However, as a pre- 
caution in all series of experiment, the individual 
experiments were done in the order 60, 10, 50, 
20, 40, and 30 seconds to minimize any effect of 
an increasing mixed venous COHb concentration 
upon the CO disappearance curve. 

There remains the possibility that sufficient 
COHb forms during a single passage through the 
alveolus to interfere with the further uptake of 
CO, either in the lung as a whole, or in certain 
alveoli. Although the data of Table I indicate 
that there is no marked rise in the total blood 
COHDb, it must be remembered that large amounts 
of COHb could have been formed over short 
periods of time, which when diluted by the total 
blood volume appear insignificant. It is possible 
to make a calculation of the ratio of the blood 
CO tension at the end of the capillary (P.) to 
the alveolar CO tension (P,4). A maximal value 
for the CO diffusing into the capillary equals 
pulmonary diffusing capacity (D in ml. gas/ 
sec. X mm. Hg) X alveolar CO tension (Pa, in 
mm. Hg). This is maximal because it neglects 
the presence of CO tension in the blood, either 
from COHb or from the slowness of the combi- 

> 
nation of CO with Hb. ! Ls 
pulmonary blood flow in ml. per sec., gives the 
change in COHb concentration in one passage 
through the lungs in ml. gas per ml. blood. The 
increase in the capillary CO tension due to this 
COHb can be computed approximately from the 


P.o, COHb 
¢ ati tt ee ei , ) 
Haldane relation, P, = 2100.Hb ° where Po, 


) ; 
- where Q is the 


is the end capillary O, tension in mm. Hg and 
COHb and O:Hb are the respective concentra- 
tions of the compounds in ml. gas per ml. blood. 
PaDP.o, ir DP .o, 
0210 O.Hb "4 P, = 0210 0,Hb 
Under the most severe circumstances, while 


Thus P, = 
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breathing 100 per cent O2, with D certainly no 
greater than 30 ml. per min. X mm. Hg or 0.5 ml. 
per sec. X mm. Hg, Q equal to 100 ml. per sec., 
P.o, equal to 650 mm. Hg, and O.Hb equal to 
<a 0.5 X 650 
"Pa 100 X 210 X .19 
= 0.082. Therefore, the CO tension at the arte- 
rial end of the pulmonary capillary would be 8 
per cent of the alveolar CO tension. Even this 
large an equilibrium tension of CO in the cap- 
illary blood could not cause the upward curvature 





0.19 ml. gas per ml. blood 


of the plot of log (Far) (inspiring 90 per cent Oz) 
in Figure 3. Actually, 8 per cent is much too 
high a figure for P./P, because (a) with a high 
alveolar O, concentration the slowness of the 
reaction of CO with Hb would decrease the 
effective value of D by at least one-half and (b) 
the average P./P« along the capillary would be 
about one-half that at the end of the capillary. 
Furthermore, regardless of the absolute value of 
the average tension of CO resulting from an 
increase in COHb during passage through the 
alveolus, it would tend to be proportional to the 
alveolar CO concentration, and would not pro- 
duce the curvature of Figure 3. Thus it seems 
possible to rule out an increase in capillary COHb 
during one passage through the alveoli as a cause 
of the failure of the mean mixed expired alveolar 
CO concentration to fall exponentially as regards 
the lung as a whole. However, there remains a 
more subtle possibility that in some parts of the 
lung, the blood flow is so slow, or the diffusing 
capacity so large, that a significant increase in 
COHb during a single passage through the alveoli 
does take place. Under these circumstances the 
rate of disappearance of alveolar CO would prob- 
ably be exponential, but would t > less than that 
of the rest of the lung. The true mixed expired 
alveolar CO concentration being the average of 
at least two exponential processes under these 
conditions would show an upward curvature as 
seen in Figure 3. This possibility cannot be 
completely ruled out at this time, but can hardly 
have been occurring in a significant part of the 
lung, since the measured increase in the total 
blood COHb is so small. 

8. Chemical action of CO on the alveolar mem- 
brane. At the present time the movement of 
gases across the pulmonary membrane is con- 
sidered a passive process. No evidence is avail- 
able that CO interferes with diffusion by alter- 
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ing the diffusing characteristics of the alveolar 
membrane. 

9. Variation in the exponential constant during 
the breathholding period. Examination of Equa- 
tion 2 in the accompanying paper (4) shows that 

ead 
— , where 
Va 

C is a correction factor allowing for the slowness 
of the rate of combination of CO with Hb. 
Anything that varied the total value of this ex- 
pression would vary the rate of decrease of the 
alveolar CO concentration. The alveolar vol- 
ume (Va) was certainly constant during the 
experiment, as was the barometric pressure (P}). 
Because the rate of combination of CO and Hb 
increases with a decrease in O, tension, the ten- 
sion of CO in the capillary blood resulting from 
the slowness of this reaction would have decreased 
with time during breathholding. C would there- 
fore have increased, that is approached unity, as 
the breathholding continued, which would have 
had the effect of increasing the rate of fall of 
alveolar CO concentration, and the plots of Fig- 
ure 3 should have curved downwards. Variation 
in alveolar O, tension cannot therefore have been 
a cause of the upward curvature found. 

There remains the possibility that the pul- 
monary diffusing capacity (D) decreased during 
the period of breathholding. It seems unlikely 
that the specific diffusing characteristics of the 
tissue composing the alveolar membrane will 
change greatly in a minute. However, changes 
in the number, length and distension of the pul- 
monary capillaries might occur during breath- 
holding and would alter D. For instance, it has 
been reported (15) that immediately after taking 
a deep breath the blood flow through the lung 
first increases greatly, and then gradually de- 
creases as the breath is held. D might be ex- 
pected to parallel these changes in pulmonary 
blood flow. This would cause the decay expo- 
nent (Equation 2) to decrease with time during 


the exponential constant is 


the period of observation and the log Fag versus 
time plot would curve upwards. However, to 
explain the degree of curvature found D would 
have to alter sufficiently to decrease the decay 
exponent by one-third to one-fifth during the 60 
seconds of breathholding. Furthermore, the in- 
creased blood flow as indicated by Armitage and 
Arnott’s (15) technique subsided after 10 seconds 
of breathholding while the curvature of the CO 
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disappearance curves continues out as far as 30 
to 40 seconds. One would expect that any 
change in the diffusing capacity of the lung pro- 
duced by a maximal inspiration acting through a 
mechanism such as this would be diminished if 
smaller and slower breaths were taken. How- 
ever, in experiments on four normal subjects, 
inspiration was started from functional residual 
capacity instead of residual volume, the inspired 
gas volume was reduced from the usual average 
of 4 liters to between 600 and 900 ml., and the 
inspiration was made more slowly than in the 
case of the larger inspired volumes. ‘The total 
lung volume during breathholding was the same 
as in the usual experiments, 7.e., approximately 
maximal. No marked difference was observed 
between the curves obtained under these condi- 
tions and those in which deeper breaths were 
taken, suggesting that the expansion of the lungs 
is not an important factor in producing the curva- 
ture of the log Far plot. 

Several additional experiments were done on 
one subject to get more clearcut evidence on 
this point. The subject inspired almost maxi- 
mally from residual volume, as in the experi- 
ments described under Methods, except that he 
inspired air. He held this volume for 40 seconds 
and then made a further gentle inspiration of 
approximately 80 ml. of a mixture of 88 per cent 
He and 12 per cent CO. This second volume 
(as well as the first volume) was held for 5 to 15 
seconds, and then expired, an alveolar sample 
being collected as described before. The initial 
CO concentration was calculated from the He 
dilution as with the other experiments, the high 
inspired concentrations of CO giving initial al- 
veolar CO concentrations from 0.1 to 0.2 per 
cent." If the pulmonary diffusing capacity were 
decreasing with time during breathholding, or 
some similar process were going on, the rate of 
CO disappearance at 40 seconds in this experi- 
ment should have been less than the rate of CO 
disappearance at the start of breathholding, as 
demonstrated in Figure 3, since we assume that 
the inspiration with minimal inspiratory effort 
of 80 ml. into a lung which already contained 
more than 5 liters would not significantly alter 
D. However, the actual disappearance rate in 


1 Inspired gas appears in the expired alveolar gas after 
inspirations of as little as 40 ml. (16). 
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these experiments was considerably greater than 
the CO disappearance rate at the start of breath- 
holding breathing air. This is reasonable be- 
cause of the fall in alveolar O, tension which 
would cause a rise in the CO uptake (7), but is 
incompatible with the idea that a large decrease 
in D occurs during the period of breathholding. 
The possibility that the increase in alveolar CO, 
concentration and/or the decrease in alveolar O» 
concentration with breathholding might produce 
a gradual decrease in D by a direct chemical 
effect on the pulmonary vessels, is minimized by 
the experiment just described. Thus while D 
might decrease by one-half or one-fifth during 
the 60-minute period of breathholding, it appears 
very unlikely. 

In summary, up to this point a number of 
possible explanations for the upward curvature 
of the plot of log Far against time have been 
presented and it has been concluded that no one 
of them is acceptable as a major cause of the 
effect on the basis of present knowledge. If all 
the mechanisms enumerated above operated to- 
gether to produce an upward curvature of the 
log Far plot, the points would still not fall on a 
line. 

10. The existence of significantly different dif- 
fusing phases in the lung. As had been previ- 
ously demonstrated (4) the logarithm of mixed 
expired alveolar CO concentration (Fag) plotted 
against the time will not be a straight line but 
will curve upwards unless all the exponential 
—D;PbC; 


V are equal in all phases. 
Aj 


constants 


D; : saa : 
v, , the ratio between diffusing capacity and 
Tas 


volume in an alveolus, is probably related to the 
number and degree of distensic1 of the pulmo- 
nary capillaries. Since the number of capillaries 
per alveolus varies throughout the lung (17) and 
the hydrostatic (distending) component of cap- 
illary pressure is greater at the base of the lung 
than at the apex, it would be remarkable if the 
exponential constants were equal in all parts of 
A four- or five-fold variation in . 
throughout the lung is not unreasonable and at 
the present time this is considered the most likely 


the lung. 


single cause of the curvature of the plot of log Far 
against time. 
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D ; ; 
If VV, Varies throughout the lung, the estima- 
A 
tion of the total D of the lung demands precise 
knowledge of the Va associated with each D. 
In other words, the lung would have to be broken 


Although 


the Fag curves can be separated into two expo- 
nential decay terms, and two “diffusion phases”’ 


up into discrete “diffusing phases.”’ 


can be computed, it seems more likely at the 
present time that there is a statistical distribu- 
This 


, D 
tion of —=— throughout the normal lung. 


Va 
makes the estimation of the total lung diffusing 
capacity very formidable. A question might 
even be raised as to the practical value of total 
D, since it is independent of the ventilation, and 
a poorly ventilated region of the lung with a 
large D would not be so effective as would appear 
from total D alone. 

In the preceding paper (4) it was pointed out 
that if the ratio of diffusing capacity to effective 


D ' 
<=; _} throughout the lung is 
Vr — Vp 
not constant, any ‘‘steady state’’ method of esti- 
mating the true total diffusing capacity of the 


ventilation ( 


lung will be in error. However an vary 


— 
vy. 


throughout the lung without png of neces- 
Vr — Vp 
sity varying. 

At present the difficulties of measuring the 
true total diffusing capacity in the presence of 


' : D F 
varying ratios of —— and/or are so for- 


D 

Va Vr — Vb 
midable that methods based on the measurement 
of an overall or “‘apparent”’ total D will have to 
continue to be used. However, the fact that the 
“apparent” total D so measured is influenced by 
factors other than the diffusing capacity of the 
lung, must be remembered when differences in 
this measurement are interpreted in terms of 
pathological change. 

The uptake of chemically inert gases from the 
lungs has been recently discussed by Kety (18). 
The relationships presented by him can be ex- 
pressed in terms of different perfusion phases, 
that is phases with different blood flow per unit 
alveolar volume, or per unit alveolar ventilation. 
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It may be found necessary to use this approach 
to reconcile experiment and theory. 


SUMMARY 


1. The disappearance of CO from the alveolar 
gas of the lung during breathholding has been 
investigated in seven normal subjects. 

2. The alveolar CO concentration did not fall 
exponentially with time as had been assumed by 
previous workers. 

3. The most likely single explanation of this 
phenomenon is that the diffusing capacity per 
unit gas volume varies throughout the lung. 

4. This finding is relevant to the consideration 
of the validity of present methods of measuring 
the diffusing capacity of the lungs. 
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When the Fick equation for the estimation of 
the cardiac output is applied to the values obtained 
from a few mixed venous blood samples drawn 
during a period of measurement of oxygen uptake, 
they should be truly representative of the values 
throughout that period. This is most unlikely to 
be the case unless the subject is in a steady state. 
The Fick principle with cardiac catheterization has 
frequently been employed to measure the cardiac 
output of patients with rheumatic heart disease 
during exercise, the measurements being made 
after an arbitrary period varying from two to ten 
minutes, after which it has been hoped, but never 
proved, that a steady state had been reached, even 
in patients with gross disability. Cournand (1), 
who has at all times emphasized these difficulties, 
considers the steadiness of the oxygen consump- 
tion, of the respiratory quotient and of the pulse 
rate useful criteria of constant levels of blood oxy- 
genation and cardiac output. 

In the work reported here the standard Fick 
method has been modified and mixed venous and 
arterial blood samples have been collected fre- 
quently throughout a period of exercise and re- 
covery in a number of patients with rheumatic 
heart disease, mainly involving the mitral valve. 
The percentage saturation of the mixed venous 
blood entering the lungs can be closely followed 
by the technique described even in a rapidly chang- 
ing state. However, if the mean (in time) A-V 
difference * is employed in the Fick formula to 
calculate the cardiac output while both the A-V 
difference and blood flow are changing then some 
error will ensue. The magnitude and importance 
of such errors will be discussed later in relation 
to the results. Particular attention has been paid 
to the rate of achievement of a steady hemodynamic 


1 Throughout this article “A-V difference” is used to 
denote the arterio-venous oxygen content difference. 


state during exercise. A similar series of studies 


has been carried out on normal subjects, which 
although briefly mentioned for comparative pur- 
poses, is being reported fully elsewhere (2). 


SUBJECTS, METHODS AND PROCEDURE 


The sixteen subjects studied had been presented for 
consideration of mitral valvulotomy. Ten of these pa- 
tients had mitral stenosis (M.S.), two mitral stenosis 
and mitral regurgitation (M.S. & R.), two predominant 
mitral regurgitation (M.R.), and two mitral and aortic 
stenosis (M. & A.S.) None had evidence of active rheu- 
matism or of congestive failure. All were taking digi- 
talis with the exception of cases C1, C7, and C10. Clinical 
data concerning each patient is given in the Appendix. 
There were a number of important modifications of the 
standard methods. 


Blood oxygenation and arterio-venous oxygen content 
difference 


The almost continuous observation of the arterio- 
venous oxygen content difference by the sampling of ar- 
terial and mixed venous blood at frequent intervals ne- 
cessitated the rapid and accurate analysis of very large 
numbers of blood samples and a spectrophotometric method 
was therefore developed. Briefly, 2 ml. samples of blood 
were anaerobically diluted (about 1 in 5) with a hemo- 
lyzing solution and an aliquot of this solution placed in 
sample tubes made from ordinary glass tubing, the re- 
mainder being set aside for oxygenation. These tubes 
were marked and the same light path employed through- 
out. The optical density of the tube and solution was 
then determined using a standard Unicam spectrophotom- 
eter. The optical density was again determined after com- 
plete reduction of the hemoglobin by a drop of saturated 
sodium hydrosulphite solution. The tube was then cleaned 
and filled with the oxygenated solution, and the optical 
density determined once more. The percentage satura- 
tion was then easily calculated. The oxygen capacity of 
the blood sampled at rest and during exercise was meas- 
ured by the Van Slyke manometric or standard photo- 
metric methods and thus the oxygen content of the blood 
samples determined. A duplicate estimation of percentage 
saturation was carried out on all blood samples. The 
technique and accuracy, which is most satisfactory as 
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EXERCISE STUDIES 


compared with standard Van Slyke estimations, has been 
reported elsewhere (3). The small size of the individual 
blood samples allowed frequent sampling without undue 
blood loss. 


Ventilation and oxygen uptake 


During exercise and recovery the expired air was col- 
lected in a Tissot spirometer. A tracing was taken which 
was interrupted by a minute signal and during each 
minute the expired air was sampled at a constant rate 
by mercury siphoning from a side arm near the spirometer 
and separated from the mouthpiece by 3 feet of corrugated 
tubing. Haldane gas sampling tubes of 50 ml. capacity 
were employed and only a few seconds at the end and be- 
ginning of each minute were needed to change the gas 
sampling tubes. Gas samples were analysed for oxygen 
and carbon dioxide content by the Scholander micro- 
method and duplicate analyses were required to check by 
0.03 per cent. It was appreciated that simultaneous 
changes in ventilation and oxygen extraction would cause 
some error in the determination of oxygen uptake by this 
method and this is discussed further in the section deal- 
ing with sampling errors. A series of experiments was 
carried out on patients with comparable cardiac disability 
in which the oxygen uptake over a minute was measured 
simultaneously by both side-arm sampling and by the 
standard technique of sampling from the Tissot spirom- 
eter. These results were compared in 21 instances, meas- 
urements being made during a steady state of exercise, in 
the first minute of exercise and in the first minute of re- 
covery. The results obtained are shown in Figure 1. 
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Fic. 1. CoMPaARISON OF SIMULTANEOUS OxyYGEN UpP- 
TAKE MEASUREMENTS (N.T.P.), By Continuous SIDE 
ARM AND BY SPIROMETER SAMPLING, DURING EXERCISE 
AND RECOVERY, IN PATIENTS WITH HEart DISEASE 





The coefficient of correlation between the two series 
of measurements is r=0.99 (n=21) and the standard 
difference within pairs of measurements is 21.8 ml. 
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Although the error is small and non-systematic, if the 
authors were repeating this type of study they would 
favour the use of a number of 50 liters-capacity, light rub- 
berized gaberdine “Douglas” bags so that each minute’s 
expirate could be collected separately and measured and 
analysed after ‘he experiment. 


Exercise 

Great care was taken to ensure a constant level of work. 
The subjects exercised in the horizontal position on a 
bicycle ergometer fixed to the foot of the screening table. 
The shoulders were steadied by supports so that the sub- 
ject was able to bear easily and comfortably on the pedals. 
Above the apparatus was a simple differential indicator, 
one side being geared to the flywheel and the other to a 
gramophone motor with the governor lever in a fixed 
position. The patient and all members of the team could 
watch the movements of the differential arm and thus 
ensure a steady rate of pedalling. The degree of work 
was varied from subject to subject by altering the ten- 
sion of the friction belt on the flywheel. All subjects 
were shown the apparatus the day before the study, and, 
with little practice, were able to pedal at a steady rate. 
In each case the maximum degree of work which could 
be sustained for five minutes without undue distress was 
chosen. Thus all the studies were at levels of exercise 
close to the tolerance of the patient. i 


Pressure recording 


Vascular pressures were recorded by means of capaci- 
tance manometers. The degree of damping and conditions 
of adequate manometric performance were as previously 
described (4). The manometric zero was fixed 10 cm. 
above the table on which the patient was lying. The zero 
setting and calibration of the electromanometer were 
checked frequently, particularly before and after any 
important pressure measurements. 


Procedure 


Each subject was given 0.4 Gm. of quinidine sulphate 
by mouth three hours before the procedure; 0.13 to 0.2 
Gm. of sodium amytal were also given two and one 
hours previously. No meal had been taken for six hours 
but 50 Gm. of glucose in a fruit drink were given half an 
hour before the catheterization. The resting cardiac out- 
put was determined and pressure measurements made 
fifteen minutes after the tip of the catheter had been 
passed into the pulmonary artery and an indwelling ar- 
terial needle inserted into the brachial artery, providing 
the patient was settled and the minute ventilation steady. 
During the three-minute period of expired air collection, 
three 3 ml. samples of mixed venous and arterial blood 
were taken. 

Thirty seconds before the commencement of exercise 
a sample of mixed venous blood was taken. Fifteen sec- 
onds before, the legs were raised and the feet steadied 
on the pedals. Five seconds before, the pedals were 
started by team members to overcome the initial iner- 
tia and to achieve rapidly the required rate of pedalling. 
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TABLE I 


Observations at rest and during five minutes exercise and recovery 
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* Ex = Exercise, Ry = Recovery. 
t RC and EC = Resting and Exercising blood oxygen capacity (vols. %). 
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TABLE I—Continued 





Pressure 
(mm. He) 
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i Atrial pressures. 
Atrial sampling throughout; PA pressures recorded during comparable study. 





KENNETH W. DONALD, JOHN M. BISHOP, AND OWEN L. WADE 


TABLE I—Continued 
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|| O2 extraction assumed from mean of mins. 2, 3, and 4. 


Exercise continued for five minutes at a steady rate. 
During this period, and for five minutes thereafter, two 
to four 3 ml. samples of mixed venous blood were drawn 
through the catheter each minute, the greater number 
of samples being taken during early exercise and early 
recovery. In the short intervals between sampling, the 
collecting arm of the manifold was allowed to drip slowly 
to ensure that the initial blood drawn from the catheter 
was representative of the inflowing mixed venous blood. 
Arterial blood samples were taken every one or two 
minutes, but if arterial blood desaturation was suspected, 
sampling was more frequent. All blood samples were 
drawn at as steady a rate as possible and the times of 
each sampling period noted. Meanwhile the expired air 
was collected in the Tissot spirometer and expired gas 
sampled throughout each minute. If the spirometer bell 
became nearly full during the study, the expired air was 
diverted to a Douglas bag while the bell was emptied. 

Pulmonary artery pressures were recorded at rest and 


as often during exercise and recovery as was feasible. 
This could be done rapidly by turning the manifold con- 
nection attached to the catheter from the sampling arm 
to the electromanometer. Arterial pressures were also 
recorded while blood sampling was not being carried 
out and although some of these records were damped, the 
majority were satisfactory and the pulse rate and rhythm 
were followed throughout the exercise and recovery 

One member of the team was made specifically re- 
sponsible for constant observation of the patient’s condi- 
tion and was empowered to stop the exercise at once if 
he thought fit. The patient was also instructed that, 
although he would probably be moderately breathless, he 
should stop at once, without hesitation, if he felt at all 
unwell, 

Studies were performed on three main groups of pa- 
tients who exercised at rates of work and oxygen con- 
sumption corresponding very approximately to walking 
on the flat at 3 m.p.h., 2 m.p.h., and 1 m.p.h. 
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TABLE II 


Degree of dyspnoea and ventilation, M.V.B. saturation, cardiac output and vascular pressure changes 








Ex. vent. Vv 
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Mean pressures 
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RESULTS 


The results obtained are shown in Tables I and 
II and Figures 2, 3, and 5-9. In each of these 
figures the results in one or two normal subjects 
at the appropriate level of exercise are also shown. 
In Figure 2, illustrating the changes in mixed ve- 
nous and arterial blood, each point plotted is the 
mean of two analyses of one sample of blood. 
Since blood samples were drawn at a steady rate 
it was considered justifiable to plot the percentage 
saturation of the sample at the mid-time of each 
collection. Abrupt changes in mixed venous blood 
could be plotted during rapidly changing states. 
It was possible from such records to calculate the 
mean (in time) arterio-venous oxygen content 
difference during each minute with considerable 
precision in the most variable states and, since 
the oxygen uptake during each minute was known, 
the cardiac output during that minute could be 
calculated. Transient differences in ventricular 
output cannot be appreciated by this method. 


Sampling errors 


Before discussing the findings obtained it is nec- 
essary to consider the possible errors that may 
have resulted from the use of the mean A-V dif- 
ference (in time) and the oxygen uptake as deter- 
mined by spirometry, during changing states, par- 
ticularly in early exercise. 


By plotting the percentage saturation of each 
steadily drawn mixed venous blood sample (10 
seconds) at the mid-time of collection a curve 
will be obtained that represents the changing per- 
centage saturation of the blood flowing through 
the pulmonary artery in relation to time. How- 
ever the use of a mean A-V difference, derived 
from such a curve obtained with timed samples, in 
the Fick equation will only give an accurate cal- 
culated flow in changing states if either the flow or 
the A-V difference is constant over the minute pe- 
riod being studied (5). When both the flow and 
A-V difference are changing during the experi- 
mental period then the mixed venous blood satu- 
ration should be determined as each unit volume 
passes the point of sampling. The mean of such 
a series of observations would give a true mean 
A-V difference of the blood that has passed into 
the lungs which could be confidently applied to the 
Fick equation. Such a procedure is quite beyond 
present methods and knowledge ; indeed, the prob- 
lems being studied would have long been solved if 
pulmonary blood flow could be measured instan- 
taneously and accurately. 

The repeated demonstration of a steady mixed 
venous blood saturation and constant or nearly 
constant A-V difference after a period of exercise 
allowed the Fick principle to be applied with great 
confidence. It was shown, in seven of the sixteen 
patients studied, that no increase of cardiac output 
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Fic. 2. ARTERIAL AND Mrxep VENovus BLoop SATURATION DURING EXERCISE AND RECOVERY IN RHEUMATIC HEART 
DISEASE 


C. Rheumatic heart disease. N, normal subject. 
and ends at signal. 


IIT, 260 to 300. 


occurred as judged by the resting steady state and 


exercise steady state determinations. It was con- 
sidered, in these circumstances, most improbable 
that any increase in flow occurred during the un- 
steady state in early exercise and therefore, al- 
though the A-V difference was changing rapidly, 
the Fick principle could still be applied to timed 
samples without error. The fact that the cardiac 
output in early minutes of exercise, as calculated 
from timed samples, was equal to or very close 
to the values obtained in the resting and exercise 
steady states lent strong support to these theoreti- 
cal considerations. 

In six other patients the rise in cardiac output 
was so slight that, again, flow considerations were 
not important. 

In Group I three patients showed a normal or 
almost normal rise of cardiac output on exercise, 


Exercise commences at time 0, when resting values are plotted, 
Max. oxygen uptake (ml./min./m’. N.T.P.) Group I, 550 to 750. Group II, 360 to 490. Group 


as judged by resting steady state and exercise 
steady state determinations, and it is of interest 
to estimate the order of error of calculated flows 
that resulted from the use of a mean A-V differ- 
ence derived from timed samples in the first min- 
ute of exercise. An analysis, as suggested by 
Visscher and Johnson (5), of the errors in esti- 
mation of flow caused by the use of mean (time 
sampling) A-—V difference over a period has been 
carried out on the data of the first minute of ex- 
ercise in these three patients. As Visscher pointed 
out, the order of error of calculated flow with 
changing flow and A-V difference is a function of 
the ratios of flow and A-V difference during the 
two half-periods of the total period under con- 
sideration. In these three subjects the ratios of 
the half-minute mean A—V differences (time sam- 
ples) could, with the present technique, be deter- 
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mined with some precision and they were as fol- 
lows: patient Cl, 1: 1.48, patient C2, 1: 1.29, pa- 
tient C4, 1: 1.44. The ratio of flow in the two 
half minutes was not known but a reasonable pro- 
cedure to define the limit of error was to consider 
this ratio to be that of the resting cardiac output 
to the cardiac output in the second minute of ex- 
ercise. In the three patients this ratio was as fol- 
lows: Cl, 1: 140; C2, 1: 1.5); and C4, 3: 1.57. 
The calculated percentage error in flow determina- 
tion resulting from the use of the minute mean 
A-V difference (in time) under these conditions 
was + 3 per cent, + 3 per cent, and + 4 per cent, 
respectively. These errors, although systematic, 
are of a lesser order than the differences between 
immediately repeated observations of the cardiac 
output in the resting steady state under the most 
rigidly controlled experimental conditions (4). 
Thus, even in these patients with a normal or 
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nearly normal response to exercise, the error is 
apparently unimportant. While it is agreed that 
such errors must be carefully assessed it is also 
felt that the possible changes in flow and A-V dif- 
ference and the sampling errors therefrom have 
been greatly overestimated. 

Next the problem of the accuracy of the oxygen 
uptake determinations during rapidly changing 
states must be considered. As has been men- 
tioned, the steady sampling of expired gas through- 
out each minute has again laid the investigators 
open to the errors that occur with “time sampling”’ 
when there are changes in both gas flow and oxy- 
gen extraction. The reasonably satisfactory 
checks shown in Figure 1 between what is in es- 
sence “time sampling” and “flow sampling” in 
this series is due to the almost constant oxygen 
extraction at all times in these patients with heart 
disease. Under such conditions, as pointed out 
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Fic. 3. A-V Dirrerence, Carprac INDEX AND OxyGEN UPTAKE aT REST 
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N, normal subject. 


All gas vols. at N.T.P. 





KENNETH W. DONALD, JOHN M. BISHOP, AND OWEN L. WADE 


oa ~ 


w 


CARDIAC INDEX LITRES/MIN/M? 


ZAIN avian*o 


1 1 1 








s 6 7 


8 9 to " 13 


AN. OXYGEN CONTENT DIFFERENCE VOLS% 


Fic. 4. A-V Dirrerence, Carptac INDEX AND OxyYGEN UPTAKE DURING 
EXERCISE, AFTER STEADY STATE Hap BEEN ACHIEVED IN 16 NoRMAL 


SUBJECTS 


The third, fourth and fifth minute exercise results are plotted in each 


subject. Gas vols 


N.T.P. Regression line and 95 per cent confidence 


limits shown are calculated from A-V difference/O, uptake relationships. 


in relation to the Fick method, “time sampling” 
is almost as accurate as “flow sampling.” 

Even if the figures obtained were very close to 
the actual amount of oxygen that had been ex- 
tracted from the expired air, there may have been 
further sources of error. The “spirometer oxygen 
uptake” may not be truly representative of the 
oxygen uptake by the blood in its passage through 
the lungs. A change in mean respiratory level 
of the chest and volume of air in the lungs dur- 
ing the early stages of exercise would cause such 
an error, as the volume of expired air collected 
would be appropriately altered. If the mean re- 
spiratory level and lung volume were reduced by 
a certain amount then this volume of gas entering 
the spirometer would cause a positive error of 
oxygen uptake estimation since its oxygen ten- 
sion would not have reached these reduced levels 
by transfer of oxygen to blood during the experi- 
mental period. In the same way retention of in- 
spired gas that had lost oxygen to the blood dur- 


ing the experimental period would cause a nega- 


tive error. This possible change in respiratory 
level during exercise is most difficult to assess and 
is at present mainly a theoretical source of error. 
However, scrutiny of the data shows a low and 
relatively unchanging level of oxygen extraction 
in these patients with heart disease, even during 
early exercise, and it is of the order of 2.5 to 4.0 
per cent in most cases. If the respiratory level 
changed by as much as half a litre then the result- 
ant error in measuring “blood oxygen uptake” 
from “spirometer oxygen uptake” would only be 
12 to 20 ml. and the error in cardiac output esti- 
mation with A-V differences of 5 to 10 vols. per 
cent would therefore be of the order of .02 L. per 
min. Such errors cannot be considered of im- 
portance. 

Changes in the alveolar oxygen concentrations 
throughout the lungs in early exercise are another 
cause of difference between “spirometer” and 
“blood” oxygen uptakes. Approximate calcula- 
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tions of the changes of alveolar oxygen percentages 
between the resting state and the first minute of 
exercise, using the expired oxygen and carbon 
dioxide concentrations and assuming an effective 
tidal air of 75 per cent, gave the following results. 
In seven subjects the alveolar oxygen changed by 
less than 0.25 per cent, in five by 0.25 per cent to 
0.5 per cent, in three by changes of between 0.7 
per cent and 0.8 per cent and in one by 1.33 per 
cent. In ten cases the alveolar oxygen percentage 
was raised, in five lowered, and in one unchanged. 
If the lungs are assumed to have held two and a 
half liters of gas in the mid respiratory position 
then the resultant difference between “spirometer” 
and “blood” oxygen uptake in the first minute of 
exercise varied from 5 ml. (0.2 per cent change) 
to 25 ml. (1.0 per cent change) and in the ma- 
jority of cases was below 10 ml. Again such er- 
rors will be of no importance with present tech- 
niques. 
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Fic. 5. VENTILATION AND PERCENTAGE OXYGEN Ex- 
TRACTION AT REST AND DURING EACH MINUTE OF FIVE 
Minutes Exercise 1n Group I (C1-5, O, Upraxke, 550 
To 750 ML./MIN./M*.) 


N, normal subject. All gas vols. at N.T.P. 
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It has been suggested that imbalance between 
oxygen uptake by the blood in the lungs and body 
oxygen usage may cause inaccuracies when the 
Fick method is employed in changing states. It 
is difficult to see how such considerations affect 
the Fick principle when it is being applied only to 
the lungs and the blood flowing through them. 
Again, lag in changes in expired air in relation to 
blood oxygen uptake is unlikely to be very marked 
in view of the increased ventilation and respiratory 
rates of these subjects. 

In summary, it can be stated that the errors re- 
sulting from time-sampling of the mixed venous 
blood during the changing state are of little im- 
portance in these studies of patients with heart 
disease. It has been shown that even with a nor- 
mal response of cardiac output the errors caused 
by time sampling of mixed venous blood during 
early exercise are far less than the differences re- 
ported between repeated resting cardiac output 
estimations under ideal experimental conditions. 
A number of factors have combined to reduce er- 
rors in the estimation of the true oxygen uptake 
by the blood in the lungs during early exercise. 
However, in normal subjects with marked increase 
in oxygen extraction and fall in alveolar oxygen 
concentration during early exercise the difference 
between “spirometer” and “blood” oxygen uptake 
may cause significant errors of cardiac output 
estimation. 


The steady state 


There are obvious difficulties in defining a 
steady state when dealing with biological phe- 
nomena particularly when such a labile function 
as circulation is being considered. If the definition 
demanded that absolutely no change occurred in 
any of the parameters being measured, then a com- 
pletely steady state would be a great rarity and 
in order for it to be demonstrated then either the 
techniques of sampling and analysis would have 
to be perfect or their errors absolutely constant. 
In this work the authors were specifically inter- 
ested in the constancy or otherwise of the measure- 
ments that are employed to estimate the cardiac 
output by the Fick principle and it was considered 
that a steady state had been achieved when there 
was no important change or persistent trend of the 
oxygen uptake, arteriovenous difference or derived 
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N, normal subject. 


cardiac output. This definition is inevitably open 
to slightly varying interpretations but this is not 
important to the main findings. In discussing the 
results the term steady state is therefore employed 
only in this special sense and its use does not im- 
ply constancy of ventilation, of heart rate, or of 
any measurements other than the oxygen uptake 
and A-V difference. 


DISCUSSION OF RESULTS 


Since the patients were divided into three 
groups, according to the level of work they could 
sustain for five minutes the main findings in each 
group will be discussed separately. 


Group One 


These patients were capable of considerable 
exertion and maintained a degree of exercise for 
five minutes that involved a maximum oxygen up- 
take of 550 to 750 ml. per min. per m? (N.T.P.) 


All gas vols. at N.T.P. 


There were five patients in this group, four with 
mitral stenosis (Cl, C2, C4, C5) and one with 
strong clinical evidence of mitral regurgitation as 
well as mitral stenosis (C3). 


Mixed venous blood saturation during exercise 
and recovery (Figure 2A) 


In the normal subject (N11), the mixed venous 
blood oxygen saturation fell from the resting figure 
(73 per cent) to a relatively steady level (50 per 
cent) in a little over one minute after the beginning 
of the same degree of exercise. On cessation of 
exercise there was a prompt recovery to the rest- 
ing level in just over 90 seconds. The behavior 
of the symptomless patient with mitral stenosis 
(C1) was similar in all respects. 

The more disabled patients all attained an ab- 
normally low mixed venous blood oxygen satura- 
tion with this level of exercise, varying from 38 
per cent to 17 per cent (normal 47 per cent to 54 
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per cent), (2) and although the fall in mixed ve- 
nous blood saturation was precipitous, there was 
an appreciable delay in the achievement of a rela- 
tively even level of mixed venous blood saturation, 
particularly in C5 (M.S. Grade 3a).? On cessa- 
tion of exercise, the mixed venous blood oxygen 
saturation returned to the resting level in the same 
time and therefore at an even greater speed than 
in normal subjects. 


Cardiac output, A-V difference and oxygen uptake 
during exercise 


In Figure 3 the derived cardiac index has been 
plotted against the A—-V difference. As the oxy- 
gen consumption per square metre is the multiple 
of these two values a third series of curved co- 
ordinates showing various levels of oxygen con- 
sumption can also be constructed. The resting 
values of cardiac index and A-V difference in 
each case are first plotted, and the appropriate 
values obtained in the first to the fifth minutes of 
exercise are also plotted and joined by straight 
lines. Thus the behaviour of the cardiac index, 


A-V difference and oxygen consumption can be 


followed from minute to minute during five min- 
utes exercise in each subject. For the purpose of 
comparison, Figure 4 shows the cardiac output 
plotted against the A—V difference after a steady 
state had been achieved during exercise in a study 
of 16 normal subjects by the authors. The re- 
gression line and 95 per cent confidence limits are 
also shown. All figures described as abnormal in 
this paper are outside these limits. 

In the normal subject N11 (Figure 3) the rest- 
ing cardiac index was 3.5 L. per min per m*.; 
A-V difference 3.6 ml. per 100 ml. and oxygen 
uptake 125 ml. per min. per m?. During the first 
minute of exercise the cardiac index increased 
to 3.7 L. per min. per m*. the A-V difference to 
6.6 ml. per 100 ml., and the oxygen uptake to 
250 ml. per min. per m?, The cardiac index, A-V 
difference, and oxygen uptake were relatively 
steady in the second, third, fourth, and fifth min- 
utes of exercise, with a cardiac index of the order 
of 6.3 L. per min., A—V difference of 8.4 ml. per 
100 ml., and oxygen uptake of 535 ml. per min. 


2Grading of disability according to American Heart 
Association. See footnote to Appendix concerning sub- 
division of Grade 3. 
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Fic. 7. VENTILATION AND PERCENTAGE OxyGEN Ex- 
TRACTION AT REST AND DURING EacH MINUTE OF FIVE 
Minutes Exercise 1n Group II (C6—-C12, O, UptraKe 360 
To 490 ML./mMIN./M’.) 


N, normal subject. All gas vols. at N.T.P. 


per m?. In the study of normal subjects, of which 
N11 is typical, it was demonstrated that a steady 
state, as previously defined, was reached after one 
minute in all subjects exercising at levels com- 
parable to those used in the present studies. 

The patient Cl with symptomless mitral steno- 
sis, behaved in a similar manner to the normal 
subject, achieving a steady state in the same time. 
C2 (M.S., Grade 2) showed what appeared to be 
a normal response of cardiac output and resultant 
A-V difference and came to an apparently steady 
state in the third and fourth minutes. In the fifth 
minute he developed frank pulmonary edema (the 
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A-V Dirrerence, Carprac INDEX AND OxyGEN UpTake AT REST AND DURING EAcH MINUTE 


oF Five Minutes Exercise, Group III (C13-C16, O, Uptake 260 to 300 Mi./mM1INn./M’.) 


N, normal subject. All gas vols. at N.T.P. 


only instance of this in the series) and the arterial 
blood saturation fell to 86 per cent. The cardiac 
output then increased further, although the oxy- 
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Fic. 9. VENTILATION AND PERCENTAGE OXYGEN Ex- 
TRACTION AT REST AND DURING EacH MINUTE OF FIVE 
Minutes Exercise 1n Group III (C13-C16, O, Uptaxe 
260 to 300 mi./mIN./M’.) 


N, normal subject. All gas vols. at N.T.P. 


gen uptake remained almost constant. The signs 
and symptoms of pulmonary edema cleared rap- 
idly with the cessation of exercise and the arterial 
blood saturation returned to its previous level (96 
per cent) after five minutes recovery. C3 (M.S. 
and R., Grade 2) had a low resting cardiac index 
which rose but little on exercise with a resulting 
abnormal increase of A—V difference. Despite the 
abnormally low cardiac output and greatly in- 
creased oxygen extraction this patient achieved a 
relatively steady state after the second minute of 
exercise. C4 (M.S. Grade 3a) showed a slightly 
impaired rise of cardiac output and abnormal A-V 
difference (see Figure 4) and C5 a very slight in- 
crease of cardiac output and highly abnormal in- 
crease of A-V difference. C4 achieved a steady 
state after the first minute of exercise but C5, who 
showed but little increase of cardiac output, took 
two minutes to reach only a relatively steady 
state and was still increasing the A-V difference 
up to the end of exercise. 
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Ventilation and ventilatory equivalent during 
exercise 


In Figure 5 the ventilation is plotted against 
the percentage oxygen extraction. The normal 
subjects N9, and N10 showed a considerable in- 
crease of oxygen extraction in the early minutes 
of exercise and, by the fifth minute, the extraction 
was returning towards the resting level and the 
ventilation was almost contant. The behavior of 
the ventilation and oxygen extraction in the pa- 
tient with symptomless mitral stenosis (Cl) was 
similar to that of the normal subjects. The re- 
maining patients showed, on exercise, a marked 
ventilatory response with little change in oxygen 
extraction except in the case of C2 (Grade 2). 
Patients C2, and C5 were still increasing their 
ventilation considerably at the end of the five min- 
utes exercise. 


Group Two 


The patients in this group were considerably 
disabled and were only capable of five minutes ex- 
ercise involving a maximum oxygen uptake of 
360 to 490 ml. per min. per m*. (N.T.P.) There 
were seven subjects (see Appendix) ; four with 
mitral stenosis (C7, C8, C9, C10), one with mitral 
stenosis and regurgitation (C11), one with mitral 
stenosis and aortic stenosis (C12), and one with 
signs of predominant and severe mitral regurgita- 
tion (C6). 


Mixed venous blood saturation on exercise and 
recovery 


The behavior of the mixed venous blood satura- 
tion in these patients and in a normal subject 
(N8), performing the same degree of exercise is 
shown in Figure 2B. The percentage saturation of 
the mixed venous blood fell rapidly to an abnor- 
mally low level for this degree of exercise (28 per 
cent to 40 per cent; * normal, 55 per cent to 65 per 
cent). There was again some delay in achieving a 
relatively steady level of mixed venous blood satu- 
ration but all subjects had achieved this in two to 
three minutes with the exception of C9 (M.S., 
Grade 3b). There was an abrupt return to rest- 
ing levels within 90 to 120 seconds of cessation of 
exercise, with only one exception (C10). 


3 C10 excepted. 
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C10 not only had mitral stenosis but was also 
anemic (Hb. 8.25 Gm. per 100 ml.), and conse- 
quently although the resting cardiac output was 
normal, the mixed venous blood percentage satura- 
tion was at the low level of 37 per cent. On ex- 
ercising the combination of anemia, and the in- 
ability to raise the cardiac output normally, caused 
a fall of mixed venous blood percentage satura- 
tion to the astonishing figure of 6 per cent. (Fig- 
ure 2B). This patient had to stop exercising af- 
ter four minutes owing to very severe dyspnoea 
and there was a considerable delay in recovery of 
mixed venous blood oxygenation to the resting 
level. The mixed venous blood saturation finally 
rose above the resting level, and fell again to that 
level. This phenomenon was almost certainly 
due to the fact that this patient was suffering from 
arterial blood desaturation at rest (79.6 per cent), 
achieved relatively normal saturation at the end of 
exercise and during early recovery (92.7 per cent), 
and then returned to the previous arterial satura- 
tion (78.7 per cent). This odd behavior of arterial 
oxygenation on exercise has been observed in 
other anemic subjects without heart disease. 

In the case of C12, the catheter tip would not 
remain in the pulmonary artery and atrial sam- 
ples were collected throughout. The return of the 
mixed venous blood saturation to a level consider- 
ably below the resting level may have been due 
to the vagaries of atrial sampling and the figures 
in this case must be viewed with some reserve. 
Similarly, in the study of C8 (M.S., Grade 3b) the 
tip of the catheter slipped back into the right atrium 
during exercise. The mixed venous blood satura- 
tion rose on recovery to well above the resting level 
and this rise was sustained to the end of the study. 
If these figures were accepted then it would ap- 
pear that, although this patient was unable to 
raise the cardiac output on exercise, there was a 
significant increase during recovery. Again it is 
possible that this unusual finding is due to the 
uncertainties of atrial sampling. 


Cardiac output, A-V difference, and oxygen up- 
take during exercise (Figure 6) 


In a normal subject (N7), performing the same 
degree of work, the increase of oxygen uptake was 
effected by an approximately 50 per cent increase 
in cardiac output and a doubling of the A-V dif- 
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ference. The rapid achievement of the steady 


state, as measured by these values, after the first 


minute is also shown. 

The behavior of the patients with heart disease 
contrasted with the normal subjects even more 
strikingly than in the previous group. The ma- 
jority showed no ability to increase the cardiac 
output as oxygen uptake increased, the A-V dif- 
ference increasing almost proportionately to the 
oxygen uptake. This was best shown in cases 
C8 (M.S., Grade 3b), C9 (M.S., Grade 3b), C11 
(M.S. and R., Grade 3b) and C12 (M. and A.S., 
Grade 4), all of whom had low resting cardiac 
outputs. Despite the fixed cardiac output and ab- 
normally increased A-V difference, C8, C1l, and 
C12 reached a steady state after two minutes but 
C9 (M.S., Grade 3b) still showed an increase of 
oxygen uptake and A-V difference up to the fifth 
minute of exercise. C6 (M.R.), a patient with 
Grade 2 disability and the only member of the 
group to suffer no dyspnoea at this level of ex- 
ercise, had a resting cardiac index as low as the 
severely disabled patient (C12) with severe mitral 
stenosis and aortic stenosis. In the first two min- 
utes of exercise the cardiac output increased by 50 
per cent but during the third, fourth, and fifth 
minutes, although the oxygen uptake remained 
constant, there was a slight but steady fall of car- 
diac output and increase of A-V difference. In 
patients C7 (M.S., Grade 3b) and C10 (M.S., 
Grade 3b) the cardiac output was normal at rest 
and showed a transient rise on exercise, which was 
not sustained, the A-V difference increasing ab- 
normally with increase of oxygen uptake. Both 
subjects achieved a steady state after the second 
minute of exercise. 


Ventilation and ventilatory equivalent during 
exercise 


These patients showed a higher resting ventila- 
tion and lower oxygen extraction than normal 
subjects. In this small group there is quite a 
striking correlation between the degree of disa- 
bility and the elevation of the resting ventilation 
and the ventilatory response to exercise. Those 
with the highest resting ventilation and lowest 
oxygen extraction showed the greatest ventilatory 
response (Figure 7). The ventilatory response 
of two normal subjects (N6 and N7) to the same 
degree of exercise is also shown. 
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Four patients C6, C7, C9, and C10 showed an 
increasing ventilation throughout the exercise 
period. Patients C8, Cll, and C12 reached a 
steady level of ventilation and oxygen extrac- 
tion in the last two or three minutes of exercise. 
The oxygen extraction was almost constant even 
during early exercise, except in the relatively fit 


patient C6 (Grade 2). 


Group Three 


The four patients in this group were all severely 
disabled, (Grade 3b or 4). Two of the patients had 
mitral stenosis (C14, C15), one had mitral steno- 
sis with gross regurgitation (C13), and one had 
severe mitral and aortic stenosis (C16). 


Mixed venous blood percentage saturation during 
exercise and recovery (Figure 2C) 


During this very slight exertion, which must be 
paralleled not infrequently in everyday life even 
under the most restricted conditions, the mixed 
venous blood oxygenation in these patients reached 
very low levels. Patient C14 (M.S., Grade 3b) and 
patient C16 (M. and A.S., Grade 4) showed great 
delay in reaching a steady mixed venous blood 
saturation and, although the levels of percentage 
saturation reached by these two patients were very 
different (36 and 8 per cent), they appear to ap- 
proach a constant level at the end of exercise. 
When the exercise ceased the oxygen saturation 
of the mixed venous blood did not regain its 
resting level in C13 (M.R., Grade 3b) or C15 
(M.S., Grade 4) for three minutes and the re- 
covery was not complete in five minutes in pa- 
tient C16 (M. and A.S., Grade 4). There was no 
marked change in arterial blood saturation on ex- 
ercise in this group. 


Cardiac output A-V difference and oxygen uptake 
during exercise (Figure 8) 


The behavior of a normal subject N2 at this 
level of exercise indicates that although there is 
a relatively steady state after one minute’s exer- 
cise, there is still considerable “seeking.” This 
may be due to the fact that normal subjects find 
this very light leg work rather unnatural and diff- 
cult to maintain at a steady level. Some normal 
subjects, who had a slightly raised resting cardiac 
output and small A-V difference due to some de- 
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gree of nervous tension, did little more on exer- 
cising at this level than increase their A-V dif- 
ference (2). 

All four patients had resting cardiac indices be- 
low 3 L. per min. per m?. and the patient with 
aortic and mitral stenosis (C16) had a resting 
cardiac index of 1.39 L. per min. per m*. On 
exercise, none of these patients showed any in- 
crease of cardiac output and in patients C13 
(M.R.), C14 (M.S.), and C15 ,M.S.) the final 
cardiac output was slightly less than in the resting 
state. In all cases, therefore, the A—V difference 
increased almost proportionately to the increase 
in oxygen uptake. 

As judged by these measurements C15 (M.S., 
Grade 4) achieved a remarkably steady state after 
one minute and C13 (M.R., Grade 3b) after two 
minutes. C14 (M.S., Grade 3b) did not achieve 
such a steady state and although the oxygen up- 
take was almost constant after the first minute 
of exercise, the cardiac output was decreasing and 
the A-V difference increasing in the fifth minute. 
C16 (M. and A.S., Grade 4) with the very low 
cardiac output, showed an abnormal, and increas- 
ing A-V difference from the first to the fifth 
minute, 


Ventilation and ventilatory equivalent (Figure 9) 


In three of these patients the exercise ventila- 
tion was greatly increased as compared with the 
normal subjects. One of these patients, C13, had 
reached a steady level of ventilation after the sec- 
ond minute but in the others it was still increasing 
in the fifth minute of exercise, with decreasing 
oxygen extraction. Patient C14 (M.S., Grade 3b) 
had only moderately increased ventilation and 
showed increased oxygen extraction during the 
first three minutes of exercise, behavior more like 
that of a normal subject. 


Behavior of A-V Difference and Cardiac Output 
during Recovery in All Groups 


In the early stages of this study the oxygen up- 
take was only determined in the second and fifth 
minute of recovery, but minute to minute recovery 
studies were made in nine patients. The be- 
havior of normal subjects during recovery after 
five minutes exercise at comparable levels was re- 
markably constant (2). Immediately after exer- 
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cise ceased the cardiac output, A-V difference and 
oxygen uptake fell rapidly and, by the second min- 
ute of recovery, these values were very close to, 
if not at, the pre-exercise values, which they in- 
variably achieved in the third minute of recovery. 

In all of the cardiac patients the mixed venous 
blood saturation had returned to pre-exercise levels 
by the second minute of recovery with the excep- 
tion of patients C12 and C16, both of whom had 
aortic stenosis in addition to mitral stenosis. De- 
spite this the A-V difference remained increased 
in many subjects up to the fifth minute of re- 
covery, partly because the blood oxygen capacity 
was assumed to remain at its increased exercise 
level during this time and partly because ventila- 
tion remained considerably increased thus causing 
a slight rise of the arterial blood saturation during 
early recovery. 

In those patients in whom the cardiac output 
rose considerably on exercise the rate of return to 
the resting output level was normal in patients 
Cl (Grade 1) and C4 (Grade 3a) and probably 
slightly delayed in patient C2 (Grade 2). In the 
six patients with only a slight rise of cardiac output 
on exercise, the output returned to its pre- 
exercise level by the third minute of exercise 
in only two patients, C5 (Grade 3a) and C6 
(Grade 2), neither of whom was very disabled. In 
patient C3 (Grade 2) who was not very disabled 
but had recently been in failure, the return of the 
cardiac output to resting levels was not complete 
by the fifth minute of recovery. A secondary rise 
of cardiac output occurred during recovery in pa- 
tients C7, C8, and C10 (all Grade 3b) and this 
delayed the return to resting levels until at least 
the fifth minute of recovery. No explanation can 
be given for this secondary rise but in patient C8 
the finding may have been due to the errors of 
atrial sampling. In the remainder of the patients 
(all Grades 3b and 4) the cardiac output re- 
mained constant throughout exercise and recovery 
but in all cases the A—V difference remained ele- 
vated until the fifth minute of recovery, this be- 
ing most marked in patient C16 in whom it was 
still almost a third above the resting value in the 
fifth minute of recovery. In all patients the ven- 
tilation was still increased in the fifth minute of 
recovery and in many, especially in those perform- 
ing the highest level of exercise, this increase was 
considerable. 





1162 


Pulse Rate and Stroke Volume during Exercise 
and Recovery 


The pulse rate increased during exercise in all 
subjects. Eight of the patients achieved a steady 
rate after the second minute and three after the 
third minute of exercise. Rather surprisingly, 
three patients with auricular fibrillation and 
“fixed” cardiac outputs achieved a constant pulse 
rate after the first minute of exercise. Two very 
disabled patients increased their pulse rate through- 
out although one achieved a very steady oxygen 
uptake, cardiac output and A-V difference after 
two minutes (C13). In some patients the pulse 
rate was steady before the cardiac output and 
A-V difference stabilized and in other patients 
after. In three instances a constant pulse rate 
was achieved although the patients never reached 
a steady state as judged by oxygen uptake, cardiac 
output and A-V difference. These findings show 
that constancy of pulse rate is not a reliable cri- 
terion of steadiness of the A-V difference and 
cardiac output. 

The heart rate was slow to return to resting 
levels after exercise and in many subjects had 
not returned to pre-exercise levels by the fifth 
minute of recovery, especially in the group per- 
forming the heaviest exercise. 

The stroke volume fell during exercise in all 
subjects except Cl and C2, although C10 and C13 
showed a small transient increase during the first 
minute. A steady level of stroke volume was 
achieved at least during the second minute of ex- 
ercise and in several cases during the first minute. 
Although stroke volumes are given in all studies 
these figures are of little value in the patients 
with auricular fibrillation. Stroke volumes were 
lower in the fifth minute of recovery than before 
exercise in the majority of the subjects. 


Respiratory Quotient during Exercise and 
Recovery 


In all these patients the respiratory quotient 
(R.Q.) was almost constant in the fourth and 
fifth minutes of exercise and in some patients by 
the third minute. In the majority of patients who 
achieved a steady A-V difference and cardiac 
output, the R.Q. did not stabilize until a minute 
or two later. However in three patients (C5, C9, 
C16), who did not achieve a constant A-V dif- 
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ference and cardiac output, the R.Q. reached a 
nearly constant value in the last two or three min- 
utes of exercise. In many instances a fall of the 
R.Q. occurred during the first one or two min- 
utes of exercise but this was never marked and 
of a lesser order than in normal subjects under 
the same conditions. In those patients perform- 
ing the lightest work there was little change of 
the R.Q. during exercise, except in C15. In all 
patients in all groups, with the exception of C2, 
the final exercising R.Q. was higher than the 
resting value. 

During recovery, with continued high ventila- 
tory volumes and rapid fall of oxygen uptake, 
nearly all subjects showed a further rise of R.Q. 
to well over unity, and in several cases to very 
high values (C10, 1.44 and C5, 1.71). Only sub- 
jects C8, C9, and Cll showed any re-establish- 
ment of a steady R.Q. during the recovery study, 
this being in the fourth and fifth minute of re- 
covery, yet the majority of patients had returned 
to a steady near-resting cardiac output and A-V 
difference towards the end of five minutes re- 
covery. These observations indicate that it is un- 
wise to infer the degree of steadiness of the car- 
diac output and A-V difference from the con- 
stancy or otherwise of the respiratory quotient. 


Oxygen Uptake and Oxygen Debt 


The present observations demonstrate the diffi- 
culty in obtaining constancy of oxygen uptake dur- 
ing exercise even under carefully controlled con- 
ditions. Also, a steady oxygen uptake during ex- 
ercise does not necessarily mean that a steady 
A-V difference and cardiac output have been 
achieved. Subjects C2, C6, and C14 all showed 
changing cardiac outputs and A-V differences al- 
though the oxygen uptake had become constant 
(see Figures 3, 6, and 8). 

As the recovery studies were incomplete in a 
number of subjects and, in any case, were only 
continued for five minutes, useful data concerning 
the oxygen debt are possible in only a few in- 
stances. Normal subjects carrying out similar 
exercise to the patients in Group I, involved oxy- 
gen debts of about 15 per cent of the total excess 
oxygen consumption and this was almost com- 
pletely “paid off” during the first minute of re- 
covery. Patients C3 and C5 had oxygen debts 
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of the order of 22 per cent and 28 per cent of ex- 
cess oxygen consumption, of which only half was 
paid off in the first minute and the rest more 
slowly. 

At the level of exercise of the second group, 
normal subjects incurred an oxygen debt of 12 to 
15 per cent of the total excess oxygen consump- 
tion, which they paid off almost completely in the 
first minute of recovery. Patient C6 showed a 
24 per cent oxygen debt and paid off only 8 per 
cent in the first minute, patient C10 a 29 per cent 
oxygen debt of which 13 per cent was paid off in 
the first minute, and patient Cll a 20 per cent 
oxygen debt of which only 5 per cent was paid 
off in the first minute of recovery. All three pa- 
tients had returned to the resting level of oxygen 
uptake by the fifth minute of recovery. 

Finally, only patient Cl (asymptomatic mitral 
stenosis) in the first group, five of the seven in 
the second group, and three of the four in the 
third group had returned to the resting level of 
oxygen uptake by the fifth minute of recovery. 
Summarizing, it was confirmed that patients with 
heart disease showed an increased and prolonged 


oxygen debt as compared with normal subjects. 


Oxygen Transfer in Lungs and Tissues 


As already reported by many workers the rest- 
ing arterial blood saturation is normal or nearly 
normal in the large majority of patients with rheu- 
matic heart disease even in the later stages when 
the patient has been repeatedly in congestive fail- 
ure. In the present series the arterial saturation 
was 94.8 per cent or above in all those capable of 
the highest grade of exercise (Group I, C1-5). 
In four of these patients the arterial saturation was 
maintained during exercise and rose significantly 
after exercise while increased ventilation was con- 
tinued. The one exception in this group was the 
patient who developed pulmonary edema and 
whose arterial saturation fell from 96.6 per cent 
to 86 per cent returning to the original level after 
five minutes recovery. 

In Group II (C6-C12), three patients (C6, C8, 
C9) had normal resting arterial saturation which 
behaved in the same manner on exercise as in 
Group I. Patients Cll and C12 who were the 
most disabled in this group, had a slightly lower 
arterial saturation 90.7 per cent and 92.0 per cent, 
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respectively, but both improved their arterial 
blood saturation slightly during exercise and re- 
covery. Patient C7 (M.S., Grade 3b) who had 
a resting arterial saturation of 86.9 per cent which 
fell to 80.2 per cent on exercise, had no history of 
asthma or respiratory infection and is a good ex- 
ample of how moderate arterial desaturation can 
occur in a patient with mitral stenosis whose past 
history is in no way exceptional. Carroll, Cohn, 
and Riley (6) have demonstrated disturbance of 
both gas and blood distribution and of the diffus- 
ing capacity of the lungs in mitral stenosis but, 
as yet, there appears to be no definite explanation 
of the mechanisms involved or of their apparently 
fortuitous occurrence. Patient C10, exceptional 
in that he was anemic as well, showed considerable 
arterial desaturation at rest, which disappeared on 
exercise, and returned during recovery. 

In Group III, there was slight arterial desatu- 
ration (92.7 per cent, 91.1 per cent, 91.3 per cent) 
in three instances, the arterial saturation improv- 
ing considerably on exercise and during recovery. 
One patient had normal arterial blood oxygenation 
throughout. 

Despite the marked and long standing rise of 
vascular pressures throughout the lungs, the 
transfer of oxygen to the blood passing through 
them remained efficient in the majority of these 
patients. Normal arterial saturation was main- 
tained even when the mixed venous blood was re- 
turning to the lungs at levels of oxygen satura- 
tion of between 6 per cent and 20 per cent. The 
oxygen transfer in these patients is, however, 
aided by several factors. The hyperventilation at 
rest and during exercise causes a significant rise 
of the alveolar oxygen tension even if there is 
some faulty gas distribution. This, combined with 
the very low oxygen tension of mixed venous 
blood, results in a greatly increased oxygen dif- 
fusion gradient. The low cardiac output at rest 
and on exercise is also associated with a relatively 
low blood flow velocity through the pulmonary 
capillaries and a corresponding increase in the 
time of exposure to the blood-gas interface. 

Although it has long been known that cardiac 
and skeletal muscle is capable of functioning at 
low levels of oxygen tension, it has not been ap- 
preciated, at least by the authors, that striated 
muscle can continue to function and utilize con- 
siderable quantities of oxygen at the low levels of 
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oxygen tension which must have been present in 
the muscles of some of these patients in whom the 
mixed venous blood was returning to the heart 
less than 10 per cent saturated during exercise. 
The rapid rise of the oxygen saturation of the 
mixed venous blood after exercise would suggest 
that a marked “alactic acid” oxygen debt does not 
occur even at these low oxygen tensions, as the 
recovery would not be so rapid unless the local 
muscle oxygen demands ceased almost immediately 
after the end of exercise. 


Dyspnoea on Exercise 


Patients with heart disease have considerable 
difficulty in describing their symptoms while un- 
der stress. They may state that they are ex- 
tremely short of breath without other symptoms, 
or may describe weakness, either generalized or 
in the exercising legs. Others report unpleasant 
sensations of physical inadequacy or even appre- 
hension. A few patients will under no cir- 
cumstances increase their activity over a certain 
level and look under obvious stress, yet will deny 
shortness of breath or weakness. No patient in 


this series with predominant mitral involvement 
complained of anginal pain, precordial discomfort 
or palpitations. 

In Table II the degree of dyspnoea, as described 
by the patient, is shown with the maximum breath- 
ing capacity (7) and the ventilation in the last 


minute of exercise. The fifth minute ventilation 
is also expressed as a percentage of the maximum 
breathing capacity. Although there is a rough cor- 
relation between the percentage of the ventilatory 
capacity used and the degree of dyspnoea there are 
many individual exceptions. Patient C7 who used 
71 per cent of the ventilatory capacity was only 
moderately dyspnoeic. Such a finding could be due 
to a well disguised lack of cooperation in the 
maximum breathing capacity determinations, but 
this would not explain the finding in patient C10 
who was extremely dyspnoeic while using only 23 
per cent of his ventilatory capacity. These lim- 
ited observations are in agreement with the exten- 
sive ventilatory investigations in mitral stenosis by 
Frank, Cugell, Gaensler, and Ellis (8). 

There was no correlation of dyspnoea with the 
level of mixed venous blood oxygenation achieved 
during exercise; Cll and C14, with a mixed ve- 
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nous blood saturation of 37 per cent, suffered 
moderate dyspnoea yet patient C3, with a mixed 
venous blood saturation of 17.5 per cent, was 
only slightly dyspnoeic. Patient C15 with a mixed 
venous blood saturation of 31 per cent kad no 
shortness of breath and patient C16 suffered only 
moderate dyspnoea and could have continued the 
exercise for a longer period although the oxygen 
saturation of the mixed venous blood had fallen 
to 9.5 per cent. 

Shortness of breath was studied in relation to 
the degree of, or lack of, increase of cardiac output 
on exercise. Neither dyspnoea nor ventilatory re- 
sponse appeared to be related to the response of 
the cardiac output (Table II). Similarly, no con- 
sistent relationship could be found between the 
ventilatory response or degree of dyspnoea and 
the resting pulmonary artery pressure, the rest- 
ing transpulmonary pressure (P.C.P.), or the de- 
gree of rise of pulmonary artery pressure on ex- 
ercise (Table IT). 


Regional Blood Flow Considerations 


Although it was anticipated that the oxygen 
saturation of mixed venous blood of these patients 
with heart disease would fall to abnormaliy low 
levels on exercise, the extent of this fall, in some 
cases to levels of 6 to 10 per cent saturation, was 
a considerable surprise. These low figures on 
exercise suggested that a very marked redistribu- 
tion of the flow of blood throughout the body must 
have occurred and it seemed likely that besides 
a reduction of the renal and splanchnic flow 
there was also a marked reduction of blood flow 
to the upper part of the body. The relative con- 
stancy or even elevation of the systemic blood 
pressure on exercise in patients who were unable 
to increase their cardiac output also suggested 
that there was widespread vaso-constriction in 
non-exercising zones. Work proceeds on this 
problem, as the technique evolved can also be 
used to follow the behavior of the A-V differ- 
ence in various regions of the body with consider- 
able precision during exercise and recovery or any 
other changing state. It has already been shown 
conclusively that during leg exercise in these dis- 
abled patients the oxygen content of the superior 
vena caval blood falls considerably and that the 
axillary vein blood of the non-exercising arms may 
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fall to even lower levels of saturation than the 
mixed venous blood in the pulmonary artery. 
When exercise ceases there is a prompt return of 
the percentage saturation of the axillary vein 
blood to the resting level. As it is unlikely that 
the oxygen uptake of the resting arm increases 
significantly during leg exercise, this demonstra- 
tion of a greatly increased arteriovenous oxygen 
content difference in the arm is a strong indica- 
tion that vasoconstriction has occurred in the limb 
with marked reduction of blood flow. Preliminary 
plethysmographic studies have confirmed that 
there is considerable reduction in muscle blood 
flow in the non-exercising arms of these patients 
during light exercise. The oxygen content of 
blood sampled from the cranial end of the jugular 
vein remains unchanged throughout such exer- 
cise even in gravely disabled subjects. These 


studies of the changes of regional A-V differ- 
ences and blood flow in normal subjects and pa- 
tients with heart disease during exercise are being 
reported in detail in another communication. 


Findings in Relation to Standard Sampling 
Procedure 


Ten of these sixteen subjects, who were exer- 
cising at different levels, but fairly near their 
tolerance, reached a steady state of oxygen up- 
take, A-V difference and cardiac output in 2 to 3 
minutes. The six remaining subjects did not 
achieve a steady state in five minutes. One of 
these six patients developed pulmonary edema and 
need not be considered further. Three, although 
they had not quite reached a steady state, as 
judged by minute to minute studies, had actually 
achieved a steady level of arterial and mixed ve- 
nous blood saturation by the fifth minute of exer- 
cise. In only two subjects, C5 and C14, the mixed 
venous blood saturation failed to reach a steady 
level, continuing to fall slightly up to the end of 
exercise. As neither patient was unduly embar- 
rassed it is likely that they would have reached 
a steady state if exercise had continued. There 
appeared to be no important common feature in 
the patients who showed a considerable delay in 
achieving a steady state. 

From consideration of these results, it would 
appear that “spot” samples taken in the fifth 
minute of exercise would have given A-V differ- 
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ences and cardiac outputs that would have been 
representative of the final steady hemodynamic 
state in all but two patients. Although it is im- 
possible to be certain, it is most likely that even 
in these two cases the results obtained from “spot” 
fifth minute samples would not have been far 
from those of the final steady state. The occa- 
sional variation of mixed venous blood saturation 
around a particular level even when the patient 
is in an almost steady state emphasizes the need 
for taking at least three evenly spaced samples 
over the minute of study. It is also advisable 
to confine the collection of expired air to the pe- 
riod of mixed venous blood sampling. 


SUMMARY 


A technique has been developed whereby the be- 
haviour of the mixed venous and arterial blood 
saturation can be followed accurately during 
rapidly changing states. It has thus been possible 
to determine the minute to minute changes of 
cardiac output in patients with rheumatic heart 
disease during five minutes exercise and the sub- 
sequent recovery. 

Errors in cardiac output determination during 
early exercise due to the use of mean (in time) 
A-V differences and the difficulty of measuring 
true blood oxygen uptake are shown to be of 
such a small order in these studies that they are 
of no importance. 

Particular study has been made of the rate of 
achievement of a steady state after the commence- 
ment of exercise. In ten out of sixteen patients a 
steady state of oxygen uptake, A-V difference 
and cardiac output was achieved after two to 
three minutes. A number of exceedingly dis- 
abled patients who were unable to raise their 
cardiac output on exercise and had very abnor- 
mally increased A-V difference reached a steady 
hemodynamic state in a few minutes. 

The constancy of the ventilation, respiratory 
quotient, pulse rate and oxygen uptake were all 
found to be unreliable criteria of the steadiness of 
the cardiac output. 

The mixed venous blood saturation fell to ex- 
ceedingly low levels in a number of patients who 
were, however, able to continue to exercise with- 
out undue distress for several minutes. In most 
cases, there was a remarkably prompt recovery 
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of the mixed venous blood saturation to resting 
levels after the exercise stopped. 

There appeared to be no correlation between 
the degree of dyspnoea and the ventilation, either 
in absolute terms or expressed as a percentage of 
the maximum breathing capacity. Similarly no 
important relation was found between the degree 
of dyspnoea and the level of mixed venous blood 
saturation, the behavior of the cardiac output, 
the pulmonary artery pressures, or the resting 
transpulmonary pressures (P.C.P.) 

Brief mention is made of evidence suggesting 
that there is considerable reduction of blood flow 
to the upper body, especially to the arms, when 
these disabled patients exercise. 
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APPENDIX 


Details of Subjects 
Group One 


Ci. Male. Aged 25. S.A. 1.68 m*. Mitral stenosis. 
Disability Grade I.4 No symptoms except acute cardiac 
neurosis seven days before admission when suddenly told 
he had “serious heart disease.” 

Normal sized heart. Sinus rhythm. Classical signs 
of mitral stenosis. Fluoroscopy: left atrium normal. 

C2. Male. Aged 43. S.A. 1.60 m*. Mitral stenosis. 
Disability Grade 2. Dyspnoea two and one-half years 
ago, gradually increased. Several severe attacks noc- 
turnal dyspnoea during last year. No hemoptysis or 
edema. 

Heart moderately enlarged. Sinus rhythm. Classical 
signs of mitral stenosis, slight aortic incompetence. 
Fluoroscopy: left atrium not enlarged. Operation: mod- 
erate mitral stenosis, no regurgitation. 


* The clinical grading of disability used here is in ac- 
cordance with that of the American Heart Association, 
except that Grade 3 is considered by the authors to be 
too wide, as it includes all degrees of disability between 
slight discomfort with normal activities, to discomfort 
at rest. It has, therefore, been subdivided into Grades 
3a and 3b. Patients with Grade 3a disability are able 
to walk a mile or more on the flat at their own speed and 
can ascend stairs slowly without undue discomfort. 
Many such patients can still earn a livelihood or per- 
form most household tasks. 
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C3. Female. Aged 42. S.A. 1.60 m*. Mitral stenosis 
and regurgitation. Disability Grade 2. Attacks of 
paroxysmal tachycardia since 18. Otherwise no symp- 
toms until 10 months ago. After sore throat developed 
shortness of breath and ankle edema, progressing to 
frank congestive failure. Rapid recovery, now has ex- 
cellent exercise tolerance. No hemoptysis. 

Heart considerably enlarged. Auricular fibrillation. 
Signs of mitral stenosis and regurgitation. Slight aortic 
incompetence. Fluoroscopy: left atrium and both ven- 
tricles enlarged. 

C4. Female. Aged 23. S.A. 1.49 m*. Mitral stenosis. 
Disability Grade 3a. Onset of dyspnoea one year ago, 
gradually increasing. Occasional hemoptysis last year. 
No edema. 

Heart not enlarged. Sinus rythm (intermittent auricu- 
lar fibrillation). Classical signs of mitral stenosis with 
slight aortic incompetence. Fluoroscopy: left atrium 
enlarged. Operation: mitral stenosis, no regurgitation. 

C5. Male. Aged 34. S.A. 1.61 m*. Mitral stenosis. 
Disability Grade 3a. Laborer’s work until two months 
ago without symptoms, then dyspnoea on exertion and 
mild ankle edema on several occasions. No frank con- 
gestive failure. No hemoptysis. 

Heart greatly enlarged. Auricular fibrillation. Mod- 
erate mitral systolic and loud mid-diastolic murmur. 
X-ray: left atrium greatly enlarged. Operation: moderate 
mitral stenosis no regurgitation. 


Group Two 

C6. Female. Aged 36. S.A. 1.52 m*. Mitral regurgi- 
tation. Disability Grade 2. Some dyspnoea since child- 
hood with slight deterioration recently. Considerable 
variation. No edema or hemoptysis at any time. 

Heart moderately enlarged. Sinus rhythm. Left ven- 
tricular impulse increased with right ventricular thrust. 
Loud systolic murmur conducted backwards and soft mid- 
diastolic murmur in mitral area. No aortic murmurs. 
Fluoroscopy: large left atrium with systolic expansion. 
Left ventricle enlarged but right ventricle more so. 
Calcified mitral valve. Considerable mitral regurgita- 
tion considered present. Operation not advised. 

C7. Female. Aged 35. S.A. 1.58 m’*. Mitral stenosis. 
Disability Grade 3b. Dyspnoea ten years with consider- 
able deterioration last two years. Two slight hemoptyses 
recently. No edema. 

Heart slightly enlarged. Sinus rhythm. Classical signs 
of mitral stenosis. X-ray: left atrium enlarged. Opera- 
tion: considerably stenosed, funnel shaped mitral valve. 

C8. Female. Aged 44. S.A. 1.61 m*. Mitral stenosis. 
Disability Grade 3b. Disability heralded by attack of 
congestive failure five years ago. No edema or hemopty- 
sis since but has remained severely disabled by dyspnoea. 

Heart considerably enlarged. Sinus rhythm. Classical 
signs of mitral stenosis with soft apical systolic murmur 
and slight aortic incompetence. X-ray: big heart, pre- 
dominantly right ventricle. Left atrium also enlarged. 
Operation: very severe mitral stenosis. 

C9. Female. Aged 24. S.A. 1.45 m*. Mitral stenosis. 
Disability Grade 3b. First noticed slight dyspnoea 10 
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More severe last four years with considerable 
No edema or he- 


years ago. 
deterioration in last nine months. 
moptysis. 

Heart very slightly enlarged. Sinus rhythm. Classi- 
cal signs of mitral stenosis. X-ray: Heart slightly en- 
larged due to right ventricular hypertrophy. Operation: 
severe mitral stenosis, no regurgitation. 

C10. Male. Aged 34. S.A. 1.59 m*. Mitral stenosis. 
Disability Grade 3b. Some dyspnoea 10 years ago on vio- 
lent exertion when successful paratrooper. Increased 
slowly since, but more rapid deterioration last three years 
and especially last six months. Several attacks of severe 
nocturnal dyspnoea recently and hemoptysis once. No 
edema. Anemic (Hb. 8.25 Gm. per 100 ml.) 

Heart only slightly enlarged. Sinus rhythm. Classical 
signs of mitral stenosis. Soft aortic diastolic murmur. 
X-ray: heart within limits of normal but pulmonary 
conus enlarged. Operation: delayed 9 months for pos- 
sible subacute rheumatism to subside. Anemia responded 
to iron treatment. Severe mitral stenosis found, no re- 
gurgitation. 

C11. Female. Aged 28. S.A. 1.46 m*. Mitral stenosis 
and regurgitation Disability Grade 3b. Dyspnoea com- 
menced five years ago. Two years ago “pneumonia” and 
has deteriorated rapidly since. Severe nocturnal dyspnoea 
and hemoptysis. No edema. 

Heart considerably enlarged. Auricular fibrillation. 
Mitral systolic murmur conducted backwards with 
rumbling diastolic murmur X-ray; left atrium enlarged 


considerably. Operation: mitral valve stenosed and cal- 
cified with considerable regurgitation. 
C12. Male. Aged 30. S.A. 1.68 m*. Mitral and aortic 


stenosis. Disability Grade 4. Well until year ago when 
developed congestive cardiac failure with severe recur- 
rent pulmonary infarction. Recurrent congestive fail- 
ure since. No edema at time of study, although venous 
pressure raised. Hemoptysis related to pulmonary in- 
farction. 

Large heart, right and left ventricular enlargement. 
Auricular fibrillation. Soft mitral systolic and mid- 
diastolic murmurs. Marked aortic systolic murmur con- 
ducted into neck and soft diastolic murmur at aortic area. 
Fluoroscopy: large left atrium, much enlargement of 
right ventricle, some enlargement of left ventricle. Died 
after thoracotomy. Severe mitral stenosis. Moderate 
aortic stenosis. 


Group Three 


C13. Male. Aged 47. S.A. 1.90 m*. Mitral regurgi- 
tation. Disability Grade 3b. First noticed undue short- 
ness of breath 15 months ago. Deteriorated steadily since, 
being now gravely disabled. No edema or hemoptysis. 

Very large heart. Auricular fibrillation. Mitral sys- 
tolic thrill and murmur, well conducted backwards. 
Mitral mid-diastolic murmur. X-ray: Right ventricle en- 
larged. Left ventricle slightly enlarged. Right atrium 
enlarged. Mitral valve calcified. Operation: rigid cal- 
cified valve with gross regurgitation. 

C14. Female. Aged 36. S.A. 1.65 m®. Mitral stenosis. 
Disability Grade 3b. Slight shortness of breath on exer- 
tion 17 years ago, becoming slowly but progressively 
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worse. Now very handicapped. Ankle edema during 
last year. Hemoptyses last few months. 

Heart only slightly enlarged. Auricular fibrillation. 
Moderate mitral systolic and loud mid-diastolic mitral 
‘ armurs. Operation: large left atrium. Moderately 
severe mitral stenosis with some regurgitation. 

Ci5. Female. Aged 39. S.A. 1.65 m*. Mitral steno- 
sis. Disability Grade 4. Fit till three years ago when 
febrile illness with joint pains heralded onset of exertional 
dyspnoea and ankle edema. MHas deteriorated steadily 
since. Attacks of nocturnal dyspnoea for one year. 
Hemoptysis once only. 

Heart only slightly enlarged. 
Loud mitral mid-diastolic murmur. 
atrium and both ventricles enlarged. 
mitral stenosis, no regurgitation. 

C16. Male. Aged 34. S.A. 1.76 m*. Mitral and aortic 
stenosis. Disability Grade 4. Dyspnoea on exertion com- 
menced five years ago. Deteriorated rapidly next two 
years and for last three years has had recurrent con- 
No hemoptysis. No edema at 


Auricular fibrillation. 
Fluoroscopy: left 
Operation: severe 


gestive cardiac failure. 
time of study. 
Enormous heart. Auricular fibrillation. Clear signs 
of mitral stenosis, aortic stenosis and slight regurgitation, 
and intermittent functional tricuspid regurgitation. Sys- 
tolic murmur at apex, difficult to dissociate from aortic 
murmur, but some conduction into axilla. Fluoroscopy: 


’ all chambers of heart enlarged. Operation: severe mitral 


stenosis found; no regurgitation. 
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The urinary excretion of acid mucopolysac- 
charides has been a subject of controversy. Acid 
mucopolysaccharides are polymers of disaccharides 
composed of equimolar portions of N-acetyl or 
N-sulfate hexosamine and hexuronic acid, oc- 
curring either free or as esters of sulfuric acid 
and in loose combination with protein substances. 
They include such substances as chondroitin sul- 
fate, heparin and hyaluronate. The evidence for 
and against the urinary excretion of chondroitin 
sulfate was reviewed briefly by Oliver (1) whose 
own experiments led him to the conclusion that 
an “X-body,” similar in some of its characteristics 
to chondroitin sulfate, was one of several urine 
constituents which influenced the precipitation of 
urinary proteins. Astrup (2) was particularly 


interested in the excretion of heparin and devised 
a method for extracting from urine metachromatic 


substances which would inhibit clotting. His 
method was later used by Jacques, Napke, and 
Levy (3) to study in greater detail the recovery 
of injected heparin from the urine of humans and 
various animals. Metachromatic material ob- 
tained from normal urine was noted by these in- 
vestigators to be so small in amount that its pres- 
ence did not interfere with their study of additional 
metachromatic substances excreted after the in- 
jection of heparin. 

In studying acid mucopolysaccharides, one must 
to some extent be concerned with their hydrolytic 
products. One of the important components of 
most* acid mucopolysaccharides is hexuronic 


1 This investigation was supported in part by grants 
from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, Public 
Health Service; Baxter Laboratories, Inc.; Duke Uni- 
versity Research Council. 

2 Meyer, Linker, Davidson, and Weissmann (4) de- 
scribed a mucopolysaccharide (keratosulfate) of bovine 
cornea which is composed of N-acetylglucosamine, galac- 
tose, and sulfate. 


acid. For reasons of convenience and interest, 
this component has been emphasized considerably 
more in the present studies than has the equally 
important hexosamine component. The metabo- 
lism of glucuronic acid is not well understood. 
Mosbach and King (5) and Eisenberg and Gurin 
(6) have contributed useful data based on tracer 
studies, and Levvy (7) has reviewed the avail- 
able material on the role of £-glucuronidase and 
related enzymes. Fishman, Smith, Thompson, 
Bonner, Kasdon, and Homburger (8) studied the 
effect of the ingestion of glucuronolactone on the 
blood levels of glucuronic acid in humans. They 
recorded the urinary excretion of glucuronic acid, 
also, in a few patients who were given glucurono- 
lactone by mouth and concluded that little of the 
substance was excreted in the urine. Ormsby (9) 
also noted that urinary excretion of glucuronic 
acid accounted for only 15 to 20 per cent of an in- 
gested dose of glucuronolactone in man. The 
total excretion of glucuronic acid in the urine 
represents the very small portion which occurs 
as a constituent of the acid mucopolysaccharides 
but also the much larger portion which is excreted 
as a constituent of a variety of other substances un- 
related to acid mucopolysaccharides. 

The present study is concerned chiefly with 
acid mucopolysaccharides isolated from the urine 
of normal humans by the method of Astrup (2). 
Quantitative studies were based on the measure- 
ment of glucuronic acid following acid hydrolysis 
of the Astrup fraction. Qualitative studies were 
chromatographic in nature and demonstrated the 
presence in the fraction of a substance showing 
the same Ry value as chondroitin sulfate. Inges- 
tion of glucuronolactone was shown to increase 
significantly not only the direct excretion of glu- 
curonic acid in urine but also the excretion of acid 
mucopolysaccharides. 
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EXCRETION OF ACID MUCOPOLYSACCHARIDES IN HUMAN 


METHODS 


Subjects. Subjects were personnel associated with the 
laboratory. Collections of 24-hour urines were not al- 
ways on consecutive days during the period of baseline 
observations. Baseline collections always included, how- 
ever, at least two days immediately prior to the ingestion 
of glucuronolactone and two to three days immediately 
following cessation of the drug. Glucuronolactone was 
administered in a single 5-gram oral dose on each of 
three to six consecutive days. 

The patient on whom the data of Table I were ob- 
tained was an otherwise healthy young white male with 
a chronic duodenal ulcer. 


TABLE I 


Effect of prostatic secretions on urinary content of glucuronic 
acid and acid mucopolysaccharides 








Mg. of glucu- 
Mg. of glucu- ronic acid in 
ronic acid Astrup fraction 
per 100 ml. per 100 m 
of urine of urine 


Normal o, 
white, aet 31 





Before prostatic 
massage 

After prostatic 
massage 


0.907 
0.849 


59.0 
Sis 





TABLE II 


Glucuronic acid and acid mucopolysaccharide content of urine 
obtained from renal pelvis of patient, post-nephros- 
tomy, with previous untlateral nephrectomy 








Mg. glucuronic 
Mg. glucuronic acid in Astrup 
acid per fraction of 
24-hour urine 


Post- 
operative 
day 24-hour urine 
7.20 


1,411 
787 11.98 
255 7.23 
178 6.59 
106 4.26 








The patient on whom the data of Table II were ob- 
tained was a 67-year old colored woman with a previous 
unilateral nephrectomy, on whom a nephrostomy was 
done. The 24-hour urine collections from the nephrostomy 
tube constituted, therefore, the patient’s total urinary 
output. Collections were terminated when evidence of 
urinary tract infection appeared post-operatively. 

Isolation of acid mucopolysaccharides from urine. 
method of Astrup (2) was followed closely.® 

In patients eating diets which impose rigid sodium 
restriction, it has been found necessary to add additional 
salts to the urine prior to using benzidine HCI in order 
to obtain maximal precipitation of acid mucopolysac- 
charides. For the sake of uniformity, this step has been 


The 


3 By this method, not less than 80 per cent of added 
heparin (300 mcg. per 50 ml. of urine) could be recovered 
consistently. 
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used subsequently routinely with urine from both patients 
and a new series of controls. The yield of Astrup fraction 
from controls on ordinary diets is somewhat greater by this 
means than by the method used in the present study. 

Quantitative studies of the acid mucopolysaccharide 
fraction. The glucuronic acid content of the Astrup frac- 
tion was determined by acid hydrolysis and subsequent 
production of the carbazole color reaction of Dische (10). 
Quadruplicate tubes for hydrolysis were set up on each 
Astrup fraction, one tube later serving as a blank, re- 
ceiving 0.2 ml. of alcohol instead of 0.2 ml. of an alcoholic 
solution of carbazole. DuPont Sulfuric Acid C. P. 
Reagent was used. A standard curve based on readings 
obtained with glucuronolactone in duplicate 20, 30, and 
40 gamma amounts was included in every set of determi- 
nations throughout the studies. Samples were discarded 
if the highest and lowest of the readings (optical den- 
sities at 530 on a Coleman Junior Spectrophotometer) 
on the triplicate hydrolysates failed to check within 15 
per cent of each other. The entire run was discarded if 
the duplicate readings on the standard curve failed to 
check within 15 per cent or if the standard curve did not 
pass within 0.035 of the zero point. 

Qualitative studies of the acid mucopolysaccharide 
fraction. Chromatographic studies were carried out, 
using 15 X 22-14 inch sheets of Whatman No. 1 filter 
paper, ascending, six sheets per run in a chromatocab. 
The solvents used were propanol or ethanol in pH 6.5 
M/15 phosphate buffer for 72 and 48 hours, respectively, 
at 76° F. The concentrations of alcohol used are indi- 
cated in the accompanying Figures 5 and 6. The known 
substances with which the urine samples were compared 
were chondroitin sulfate (General Biochemicals, Inc.) 
and Heparin Sodium (Liquaemin; Organon, Inc.) each 
applied one time to the filter paper, in concentration of 
5 and 6 mg. per ml. of distilled water, respectively (11).5 

The urine samples were prepared for chromatography 
as follows: The Astrup fraction containing acid muco- 
polysaccharides from 50 ml. of urine was taken up in 
5 to 10 ml. of distilled water and dialyzed first against 
20 volumes of distilled water with constant shaking for 
15 to 16 hours at 5° C., then against 70 ml. of 20 per cent 
aqueous polyvinylpyrrolidone with constant rotation in a 
cylinder for 24 hours at 7° C. The contents of the dialy- 
sate casing were then taken up in 0.4 ml. of distilled wa- 
ter, yielding a small amount of very slightly viscid fluid 
material varying in appearance from clear colorless to 
clear or turbid yellow or brown. On filter paper the 
material stained metachromatically with toluidine blue. 
For chromatographic runs, it was usually applied three 
times to the starting point, with drying between appli- 


4A green color resulted from the use of several other 
brands of commercial sulfuric acid tried. 

5 Subsequent to the publication of (11), the interesting 
study of Molho and Molho-Lacroix (12) has come to 
the author’s attention, in which chromatograms were 
achieved on filter paper by the use of a propanol-water 
solvent for aqueous heparin and an acetone-water solvent 
for heparin added to plasma. 
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It was necessary that the material be present 
stain metachromatically, 
The attempt was to 
without encountering 


cations. 
in sufficient concentration to 
but overloading caused streaking. 
achieve maximal concentration 
overloading effects. 

The chromatograms were developed by a technique 
developed in this laboratory and similar to that used 
by Rienits (13). The technique is reported in detail 
elsewhere (14). The major technical differences from 
Rienits’ method consist of the fixation of the water- 
soluble materials on the paper prior to staining with 
aqueous toluidine blue and then much more complete 
rinsing in water which has been acidified with glacial 
acetic acid. The resultant metachromatic spots are quite 
stable against a blue background. 

Quantitative studies of the total urinary output of 
glucuronic acid. The total excretion of g.ucuronic acid 
in urine was determined, also, using appro;-siate dilutions 
of urine in the colorimetric method of Dische (10). 
These were set up always in triplicate tubes for hydroly- 
Sis, using one, later, for a color blank, as before. 


RESULTS 


Results are graphically summarized in Figures 
1 to 4. The difference in excretion of acid muco- 
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polysaccharides (expressed as mg. of glucuronic 
acid after hydrolysis) between normal white males 
and females (Figure 1) is of high statistical sig- 
nificance (p= < 0.01). This is in contrast to 
the excretion of total glucuronic acid which is 
essentially the same in white males and females. 
(Figure 2). 

Because of the greater individual standard de- 
viation in excretion of acid mucopolysaccharides 
by males as compared to females, the possibility of 
a prostatic derivation of part of the material was 
entertained. Table I illustrates data on one pa- 
tient which fail to support this likelihood. The 
observations were repeated in another patient with 
similar results. 

Data on molecular size of acid mucopolysac- 
charides are conflicting but some estimates range 
as high as 200,000 to 400,000 (15). Glomerular 
filtration in this form, then would be improbable. 
However, Table II illustrates the presence of these 
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rhe abscissae represent successive days on which 4 lhe abscissae are as for Figure 3. 
hour collections of urine were made during and following 


the experimental period of ingestion of glucuronolactone. 
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URINE FRACTION 
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CHONDROITIN SULFATE 


Urine FRAcTION FROM NoRMAL WHITE FEMALE 


Solvent 37 per cent propanol in pH 6.5 M/15 phosphate buffer. 


materials in the renal pelvis in amounts which are 
relatively high.* 

Figures 5 and 6 illustrate chromatograms of a 
urine sample from one normal female, run both 
separately and mixed with the known substances, 
chondroitin sulfate and heparin. These are es- 
sentially representative of the other normal indi- 
viduals so tested, although there were instances in 
which it appeared impossible to add sufficient ma- 
terial for a spot which could be photographed with- 
out encountering streaking due to overloading. 
A urine sample of the nephrostomy patient previ- 
ously described showed a similar chromatographic 
pattern. The chromatograms show the major 


urinary component to have the same Ry value as 


chondroitin sulfate and to move as a single spot 


when mixed with chrondroitin sulfate. 


* The possibility which is suggested by the data that 
there is a rise post-operatively in the excretion of these 
substances is currently under investigation, both in surgi- 
cal patients and in stressed non-surgical individuals. 


DISCUSSION 


The total excretion of glucuronic acid in the 
urine of normal individuals is of the same order 
of magnitude as noted by other investigators (9, 
16) (Figure 2). A significant rise in excretion 
occurs on the ingestion of glucuronolactone (Fig- 
ure 4), although most of the ingested material 
does disappear elsewhere. Of greater interest in 
the present study is the significant rise in the ex- 
cretion of acid mucopolysaccharides in the urine 
of normal individuals following the ingestion of 
This 


specific precipitation of glucuronic acid with the 


glucuronolactone. is not due to a non- 
Astrup fraction, because very large amounts of 
glucuronolactone, menthol glucuronide and borneol 
glucuronide can be added to urine prior to isolation 
of the Astrup fraction without altering in any way 
the subsequent yield of glucuronic acid obtained 
It is 


possible, therefore, that the ingested glucuronic 


from the acid mucopolysaccharide fraction. 





EXCRETION OF 


acid enters a metabolic pool concerned with acid 
mucopolysaccharides, the excess being in part ex- 
creted in this form. 
mucopolysaccharides did not always occur on the 


The rise in excretion of acid 
first day of ingestion of glucuronic acid. How- 
ever, no consistent delay could be demonstrated 
(Figure 3) which might be considered the time 
Tracer 
Urine 


necessary for production of the material. 
studies would be helpful in this regard. 
collections over 6-hour periods continuously for 
six days, including a 2-day period of ingestion of 
glucuronolactone, yielded data which failed to 
show any consistent peak of excretion of acid 
mucopolysaccharides, either during baseline col- 
lections or following ingestion of glucuronolactone. 

The daily excretion of acid mucopolysaccharides 
is relatively constant in each individual but varies 
Why 


both individual and group variations should be 


to a greater degree between individuals. 


greater in males than in females is unexplained 
at the moment. The wide variations which occur 
under certain experimental and clinical situations 
and in certain disease processes form the subject 
of separate investigations now in progress and be- 
yond the scope of the present report. 

The way in which acid mucopolysaccharides 
get into urine is not certain. The present study 
demonstrates that the material was present in 
urine collected from the renal pelvis. This ob- 
servation plus that of failure to show a rise in 
urinary acid mucopolysaccharides following pros- 
tatic massage make it unlikely that any appreci- 
able amount of the material is added in the lower 
urinary tract. The data yield no evidence bear- 
ing on the question of secretion by the renal tubu- 
lar epithelial cells. However, the studies of Piper 
(17) on the fate of heparin injected into rabbits 
led him to the conclusion that that portion of the 
heparin which was excreted by way of the kidneys 
was handled by a combination of glomerular fil- 
tration and tubular secretion. Consideration of 
glomerular filtration requires consideration of 


molecular size. By streaming birefringence, Blix 


and Snellman (15) estimated the molecular weight 
of chondroitin sulfuric acid to be of the order of 
260,000. 
(18) estimated molecular weights of 15,000 to 
43,000 for chondroitin 


occurring with variations in method of separating 


By osmometry, Mathews and Dorfman 


sulfuric acid, variations 
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the material for study. Discrepancies, therefore, 
may result not only from the fact that these sub 
stances are probably not pure and of single molecu- 
lar weight but alsg because the sl ape of the mole- 
cule may vary in diferent environments, with con 
sequent effect on estimates of molecular weight 
by various methods. If materials of large molecu 
lar weight are considered in regard to glomerular 
filtration, the possibility is raised that the materials 
circulate in the blood in the form of a smaller 
structural unit which may be filtered through the 
glomerulus, later polymerizing in the tubules to 
form the substance isolated in the present. study 
The 
concept of smaller-sized components of ground 


from urine obtained from the renal pelvis. 
substance is not a new one (19). However, since 
it is still purely speculative and since even the 
question of original molecular size is unsettled, the 
advice of Meyer (20) is followed in the avoidance 
of any debate as to whether such smaller units, if 
they occur, result from depolymerization, lack of 
polymerization, or formation of an entirely dif- 
ferent unit of similar structure but smaller size 
than the acid mucopolysaccharides. Of greater 
interest, perhaps, is consideration of the smaller 
molecular size estimated by Mathews and Dorf 
man (18). Acid mucopolysaccharides of molecu 
lar weight 43000 or less might quite reasonably 
be expected to be filtered through the glomerulus. 
This 


whether the bulk of the material is then reabsorbed 


would raise interesting questions as to 
by the renal tubules as in the case of filtered serum 
filtered. 
Present methods fail to detect with certainty acid 


albumin or whether it is excreted as 
mucopolysaccharides as such in normal blood. 
24-hour 


stances is small and could be accounted for by very 


However, the excretion of these sub- 
minute amounts in plasma filtered at the rate of 
180 liters per day. 


The character of at least one and apparently the 


major component present in the acid mucopoly 


saccharide fraction from human urine is on more 
solid ground. Although the identity of the com- 
ponent is not fully established, it does exhibit the 


same Ry, 


value chromatographically in a single 
solvent system as does chondroitin sulphate, and 
it moves as a single spot chromatographically 


when mixed with chondroitin sulphate. 
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SUMMARY 


The mean 24-hour excretion of glucuronic acid 
t 44 (S.D.) 


56 in white males. 


in normal human urine was 345 mg. 
in white females and 391 mg. 
There is no significant difference between the 
two values. 

The mean 24-hour excretion of acid mucopoly- 
saccharides (expressed as glucuronic acid after 
hydrolysis) in normal human urine was 3.0 mg. 


1.3 


The difference between the two 


0.6 (S.D.) in white females and 4.9 mg. 
in white males. 
values was significant (p= < 0.01). Prostatic 
massage did not increase the amount of the ma- 
terial in urine. The material was present in urine 
obtained from the renal pelvis of one patient and 
thus was not derived to any significant degree in 
that patient from structures lower in the urinary 
tract. 

The urinary excretion of acid mucopolysac- 


charides by humans was markedly increased by 


the ingestion of 5 Gm. of glucuronolactone daily 
for several days. 

Chromatographic studies of a further purified 
fraction of acid mucopolysaccharides from normal 
human urine showed the major component of the 
value as chondroitin 


fraction to have the same Ry, 
sulfate and to produce a single spot when mixed 
with chondroitin sulfate, in a single solvent system. 
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AN ACCELERATING PROPERTY OF PLASMA FOR THE COAGU- 
LATION OF FIBRINOGEN BY THROMBIN *? 
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The last step in the clotting process is the con- 
version of a soluble protein, fibrinogen, into an in- 
soluble protein, fibrin. This conversion takes 
place as the result of the action of an enzyme, 
thrombin. Among the many factors determining 
the rate of this reaction are the concentrations of 
fibrinogen and thrombin, the ionic strength of 
the medium, and the presence or absence of cer- 
tain bivalent cations. 

Biggs and Macfarlane (1) observed that the 
clotting time of mixtures of oxalated plasma and 
thrombin varied in different conditions. They 
suggested the possibility that there are factors in 
plasma which accelerate the thrombin-fibrinogen 
reaction. In the present report, such a factor, 
present in normal plasma, and capable of acceler- 
ating the conversion of fibrinogen to fibrin is de- 
scribed. Some of the characteristics of this ac- 
celerating property of plasma will be discussed. 


MATERIALS 


Oxalated human plasma was obtained by mixing ve- 
nous blood with one-ninth its volume of 0.1M sodium 
oxalate solution and centrifuging the mixture at room 
temperature for 15 minutes at 2,500 rpm in a Size 1, 
Type SB International centrifuge. The plasma was stored 
between 0° and 4° C. until used. In some experiments, 
the plasma was shaken for 10 minutes with a carboxylic 
acid ion exchange resin, Amberlite IRC-50 (Rohm and 
Haas) in the sodium phase (pH 7.7), in order to re- 
move bivalent cations. 

Commercial bovine thrombin (Parke, Davis and Co.) 
was dissolved in barbital-saline buffer in a concentration 
of 1,000 National Institutes of Health (N.I.H.) units 
per ml. (2) and stored at —25° C. until used. Am- 
berlite-treated thrombin was prepared in the same man- 
ner as amberlite-treated plasma. The clotting time, us- 
ing this calcium-deficient thrombin, was somewhat longer 
than with untreated thrombin. 


1 This study was supported by a research grant (P.H.S. 
No. H1661C) from the National Heart Institute of the 
National Institutes of Health, Public Health Service. 

2 Presented at the 26th Annual Session of the Central 
Society for Clinical Research, October 31, 1953. 


The buffer used was 0.025M barbital in 0.125M sodium 
chloride solution, at pH 7.5, prepared by dissolving 2.76 
Gm. of barbital, 2.06 Gm. of sodium barbital and 7.30 
Gm. of sodium chloride in one liter of water. 

Defibrinated plasma was prepared by mixing 100 parts 
of oxalated plasma with 3 parts of a solution of bovine 
thrombin containing 1,000 N.I.H. units per ml. The 
clot which formed was removed either by wrapping it 
around a glass rod and expressing the defibrinated plasma, 
or by shaking the contents of the tube with about one- 
tenth volume of crushed pyrex glass. The fibrin adhered 
to the glass so that the defibrinated plasma could be de- 
canted. The defibrinated plasma was then incubated at 
37° C. for 30 minutes to inactivate the thrombin. The 
adequacy of defibrination was tested by the addition of 
fresh thrombin to an aliquot. To test whether the throm- 
bin had been inactivated, the defibrinated plasma was 
mixed with a solution of bovine fibrinogen; an absence 
of clotting was taken to mean that the thrombin was no 
longer active. 

Barium sulfate-adsorbed plasma was prepared by mix- 
ing oxalated plasma or defibrinated plasma with approxi- 
mately one-tenth its volume of powdered barium sulfate 
(Baker). The mixture was incubated at 37° C. for 10 
minutes with frequent stirring, and the plasma was then 
separated by centrifugation for 15 minutes at 2,500 rpm 
in the International centrifuge. 

Dialyzed plasma or its fractions was prepared by dialy- 
sis for 16 to 24 hours in cellophane sacs (Visking No-Jax 
sausage casings, one inch in diameter) at 4° C. against 
0.15M sodium chloride solution. When the solutions 
contained ammonium sulfate, they were first dialyzed 
against running cold tap water for several hours before 
dialysis against sodium chloride. The term dialysate 
will be used to define the solution of sodium chloride 
against which the plasma or its fraction had been dialyzed. 

Crude fractions of plasma were prepared by the addi- 
tion of solid ammonium sulfate to plasma which had first 
been defibrinated and adsorbed with barium sulfate. Each 
mixture of ammonium sulfate and plasma was kept at 
0° C. for 30 minutes. The precipitate which formed was 
separated by centrifugation at 4,500 rpm. for 5 minutes 
at —5° C. in a Servall Type SS-1 angle centrifuge. In 
this manner, the plasma was separated into a fraction 
precipitated at 33 per cent saturation with ammonium 
sulfate, a fraction precipitated between 33 and 60 per 
cent saturation, and a fraction not precipitated with 60 
per cent saturation. The two precipitates were each dis- 
solved in a volume of water equal to that of the original 
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volume of plasma, and the ammonium sulfate was then 
removed by dialysis. 

The fraction of plasma precipitated between 33 and 60 
per cent ammonium sulfate was refractionated by acidi- 
fication to pH 4.8 with sodium acetate buffer of pH 4.0 
and ionic strength 0.15. The acidified fraction was di- 
luted to ionic strength 0.10, cooled to — 5° C., and ethyl 
alcohol added drop-wise, with stirring, to a concentration 
of 18 per cent. The mixture was allowed to stand for 
30 minutes at — 5° C. and then separated by centrifuga- 
tion at —5° C. in the angle centrifuge in the manner 
described. The concentration of alcohol was then in- 
creased to 45 per cent, and the precipitate collected in the 
same manner. The precipitates were dissolved in a vol- 
ume of 0.15M sodium chloride solution equal to that of 
the original plasma. When the activity of such fractions 
was to be compared with the activity of the ammonium 
sulfate fractions, the alcohol precipitates were dissolved 
in the sodium chloride solution against which the am- 
monium sulfate-precipitated fractions had been dialyzed. 

Fractions of human plasma prepared by the low-tem- 
perature-ethanol method of Cohn were dissolved in buffer 
in a concentration of 5 or 10 per cent and serially diluted 
with buffer. The insoluble material in fractions II-III 
and IV-1 was removed by centrifugation. 

Bovine fibrinogen* prepared by the method of Ware, 
Guest, and Seegers (3) was dissolved in buffer and un- 
dissolved residue was separated by filtration through 
Whatman No. 1 filter paper. In all experiments, a por- 
tion of dried fibrincgen weighing 100 mg. was dissolved 
in 20 ml. of buffer. This preparation contained 0.9 Gm. 
of sodium chloride for every 3.1 Gm. of protein. Assay 
of the filtrate demonstrated approximately 300 mg. of 
coagulable protein per 100 ml. of solution. There was a 
variation of as much as 50 mg. of coagulable protein per 
100 ml. from preparation to preparation, but this did not 
influence the results obtained. In any given experiment, 
the same solution of fibrinogen was used throughout. 

Heated plasma was prepared by incubating defibrinated 
plasma in a pyrex glass tube in a water bath. The tem- 
perature was measured with a thermometer immersed in 
the plasma. 


METHODS 


The clotting time of mixtures of oxalated plasma and 
bovine thrombin, to be designated as the thrombin time, 
was measured in a 37° C. water bath by adding 0.2 ml. of 
thrombin to 0.2 ml. of plasma in a pyrex test tube with 
an internal diameter of 8 mm. The tubes were tilted un- 
til clotting occurred. When the thrombin time was 30 
seconds or less, duplicate determinations usually checked 
within two seconds. When the thrombin time was 50 
seconds or less, duplicate determinations usually checked 
within 3 or 4 seconds. When the thrombin time was 


8 Human plasma fractions were obtained through the 
courtesy of the late Dr. Edwin Cohn. 

* Bovine fibrinogen was obtained through the courtesy 
of Dr. Walter Seegers. 
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greater than 60 seconds, the results of duplicate determi- 
nations were more erratic. 

The following procedure was used to compare normal 
and pathologic plasma. The activity of sclutions of 
thrombin varied from preparation to preparation. To 
obviate this difficulty, the thrombin time of each plasma 
was determined at several concemrations of thrombin. 
A graph was then drawn of the thrombin time of the 
normal plasma against the concentration of thrombin, 
using a logarithmic scale for both the ordinate and ab- 
scissa (4). From this graph, the concentration of throm- 
bin which clotted the normal plasma in 30 seconds was 
determined by interpolation. In the same manner, the 
thrombin time of the abnormal plasma was plotted as a 
function of the concentration of thrombin. From this 
graph, the thrombin time of the abnormal plasma was 
determined at that concentration of thrombin which clotted 
normal plasma in 30 seconds. In this manner, the plasma 
to be tested was compared with a normal plasma, the 
thrombin time of which was arbitrarily set at 30 seconds. 
This interpolation of data was used only to render clini- 
cal comparison of normal and abnormal plasmas possible. 
In the majority of the experiments to be described, such 
interpolation was not necessary to demonstrate the points 
in question; the actual, rather than the interpolated data 
are reported. 

To determine the effect of different preparations, suit- 
able amounts were added to a sample of plasma or fibrino- 
gen solution and the thrombin time was then determined 
in the manner described. 


RESULTS 


The thrombin time of fresh and aged normal oxa- 
lated plasma. 


In normal subjects, the thrombin time of fresh 
oxalated plasma was remarkably uniform. In 
Table I are the relative thrombin times of six nor- 
mal adults, tested simultaneously. In many other 


TABLE [ 
The thrombin time in normal subjects 


Clotting time (sec.) of a mixture of 0.2 ml. of fresh 
oxalated plasma and 0.2 ml. of bovine thrombin. The 
relative thrombin times of the plasmas were then deter- 
mined by interpolation, assuming first that the value for 
subject No. 1 and then that of the value for subject No. 6 
was 30 seconds. 








Thrombin time 


No. 1 =30 No. 6 =30 
seconds 
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experiments, two or three normal subjects were 
used as controls. In no instance has the thrombin 
time among normal individuals differed by mcre 
than 4 seconds, when the data were so interpo- 
lated that the thrombin time of any given normal 
plasma was 30 seconds. 

In contrast, the thrombin time of normal plasma 
which had been stored at 4° C. for four months was 
prolonged compared with fresh plasma. For ex- 
ample, in one experiment the thrombin time of 
fresh normal plasma was 19 seconds, and of the 
same amount of aged normal plasma was 43 sec- 
onds. The thrombin time of an equal mixture of 
the two plasmas was 28 seconds, longer than that 
of the fresh plasma, and shorter than that of the 
stored plasma. 

Moreover, the thrombin time of aged plasma was 
shortened by the addition of fresh defibrinated 
plasma. Thus the thrombin time of an equal mix- 
ture of aged plasma and 0.15M sodium chloride 
was 77 seconds, while that of an equal mixture of 
aged plasma and fresh defibrinated plasma was 30 
seconds. This makes it seem likely that the pro- 
longed thrombin time of the aged plasma could not 
be accounted for entirely by a qualitative or quanti- 


tative change in its fibrinogen. The fresh plasma 
appeared to supply some factor other than fibrino- 
gen which shortened the thrombin time of the 
aged plasma. In contrast, the addition of an equal 
volume of fresh defibrinated plasma did not sig- 
nificantly alter the thrombin time of fresh oxalated 


plasma. Subsequent experiments appear to dem- 
onstrate that the clot accelerating property of de- 
fibrinated plasma is not removed by dialysis. 


The thrombin time in pathologic states. 


The thrombin time of plasma drawn from pa- 
tients with a variety of diseases was determined. 
In hepatic disease, multiple myeloma and eclamp- 
sia or severe pre-eclampsia the thrombin time was 
commonly prolonged (Figure 1). In many of 
these patients, the hematocrit was below normal, 
and as a result the proportion of oxalate solution 
to plasma varied. However, the abnormally pro- 
longed thrombin times in the pathologic plasmas 
could be demonstrated regularly in plasma which 
had been dialyzed for 24 hours against 0.15M 
sodium chloride solution, as well as in plasma 
which had been treated with a cation exchange 
resin to substitute sodium ions for other cations. 
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Each plasma was compared with a normal plasma 
studied simultaneously; the values were interpolated 
so that the thrombin time of the normal plasma was 30 
seconds. 


A study of plasmas in which the thrombin time 
was prolonged supports the view that normal 
plasma contains an accelerator of the conversion of 
fibrinogen to fibrin. Normal plasma shortened 
the thrombin time of abnormal plasma. However, 
the thrombin time of the mixture was always longer 
than that of the normal plasma alone. Indeed 
the thrombin time of an equal mixture of normal 
and abnormal plasmas was predictable from the 
thrombin time of each individual plasma, This 
was determined in the following manner. By in- 
terpolation, the amount of thrombin which pro- 
duced a clot at 30 seconds was measured experi- 
mentally for each plasma alone and for the mixture 
of normal and abnormal plasmas (Table II). At 
the same time the amount of thrombin which would 
produce a clot in the equal mixture at 30 seconds 
was estimated by calculating the average of the 
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TABLE II 
The effect of mixing normal and abnormal plasmas on the coagulating effect of thrombin* 











Amount of thrombin which clots plasma in 30 secs. 





Patient Diagnosis 


Control 


Equal mixture 
(calculated) 


Equal mixture 


Patient (experimental) 





Eclampsia 

Pre-eclampsia 

Metastatic carcinoma in liver 
Cirrhosis 

Cirrhosis 


2.19 
x BA) 
1.80 
2.75 
2.08 


2.23 
2.20 
1.92 
3.02 
2.60 








* The amount of thrombin (N.I.H. units) required to clot a mixture of 0.2 ml. fresh oxalated piasma and 0.2 ml. 


bovine thrombin in 30 seconds at 37° C. 
plasma and a simultaneously studied control. 


and control plasmas in 30 seconds was determined experimentally. 
the amount of thrombin required to clot each plasma separately. 


[he amount of thrombin was determined experimentally for each abnormal 
The amount of thrombin required to clot an equal mixture of abnormal 


This was compared with the calculated average of 
Different solutions of thrombin were used to study 


each patient, and the data for any one patient cannot be compared with that for other patients. 


amount of thrombin required to clot the normal 
and the abnormal plasmas separately. It will be 
noted that the calculated result and the experi- 
mental result closely approximated each other. 
For this reason, it seems unlikely that the pro- 
longed thrombin time in these abnormal plasmas 
was the result of a circulating anticoagulant; the 
abnormal plasmas had no greater effect than one 
would expect from mere dilution of the normal 
with the abnormal. Moreover, unlike normal 


plasma, fresh plasma from patients with myeloma 


or eclampsia did not shorten the thrombin time of 
aged normal plasma. These experiments, then, 
suggest that the plasma of such patients may be 
deficient in an accelerating property. They do not 
rule out the possibility that the accelerator is pres- 
ent but for some reason is physiologically inactive. 


Some characteristics of the accelerator in human 
plasma. 


Studies were performed to determine the prop- 
erties of the substance or substances in normal 
plasma which shortened the thrombin time of aged 
or pathologic plasmas. The thrombin time of nor- 
mal plasma was not altered by adsorption of the 
plasma with barium sulfate. Prothrombin, se- 
rum prothrombin conversion accelerator and 
Christmas factor are all adsorbed by the barium 
sulfate. It was therefore possible to study the ef- 
fect of thrombin on a plasma in which these throm- 
bin-producing factors had been removed. The 
thrombin time was also not prolonged by dialysis 
against sodium chloride solution. Indeed, dialyzed 
plasma had a slightly shorter thrombin time than 
undialyzed plasma. 


The effect of heat on the thrombin time of nor- 
mal plasma was tested. Fresh oxalated normal 
plasma was first defibrinated with thrombin to 
obviate precipitation of fibrinogen by the heating 
process. This defibrination did not remove the 
property of plasma which shortened the clotting 
time of mixtures of plasma and thrombin. The 
defibrinated plasma was adsorbed with barium 
sulfate and dialyzed against 0.15M sodium chloride 
solution for 16 hours at 4° C. A portion of the 
dialyzed plasma was then heated to 60° C. for 20 
minutes, and the effect of unheated and heated 
dialyzed plasma and of the dialysate upon the 
thrombin time of normal plasma was measured. 
In one such experiment, the thrombin time of nor- 
mal plasma, diluted with an equal volume of the 
dialysate, was 57 seconds ; that of an equal mixture 
of normal plasma and defibrinated, dialyzed plasma 
was 42 seconds ; and of an equal mixture of normal 
plasma and defibrinated plasma heated to 60° C. 
for 20 minutes, was 54 seconds. Thus the acceler- 
ating effect of normal defibrinated plasma was di- 
minished by heating it to 60° C. for 20 minutes. 
Similarly, normal defibrinated plasma heated to 
60° C. for 20 minutes lost its ability to shorten 
the thrombin time of pathologic plasmas. 

When plasma was fractionated with ammonium 
sulfate, the bulk of the accelerating property was 
present in the fraction precipitated between 33 
and 60 per cent saturation (Table III). When 
this fraction was further subdivided by precipita- 
tion with ammonium sulfate, the activity was dis- 
tributed in each sub-fraction. The fraction pre- 
cipitated between 33 and 60 per cent saturation 
was refractionated by precipitation with ethanol at 
low temperatures. The major portion of the ac- 
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TABLE II 
The effect of plasma fractions on the thrombin time * 








Thrombin 
time 


Fraction (sec.) 





Saline dialysate 

Normal dialyzed plasma 

0-33% ammonium sulfate precipitate 
33-60% ammonium sulfate precipitate 
Supernate of 33-60% precipitation 
0-18% ethanol precipitate 

18-45% ethanol precipitate 





* Clotting time (sec.) of a mixture of 0.1 ml. fresh oxa- 
lated plasma from a patient with eclampsia, 0.1 ml. of the 
fraction to be tested, and 0.2 ml. of bovine thrombin 
(5 units/ml). The fractions were repared from oxalated 
normal plasma which had been defibrinated and adsorbed 
with barium sulfate. The ethanol fractions were re- 
precipitated from the fraction precipitated between 33 and 
60 per cent ammonium sulfate. 


tivity was now present in the portion precipitated 
between 18 and 45 per cent ethanol (Table III). 
These fractions were effective when mixed with 
portions of normal or abnormal plasmas. When 
either defibrinated plasma or the fractions which 
were prepared were added to bovine fibrinogen 
solutions, no acceleration of the thrombin time 
was noted. 

The effect of proteins fractionated by the low 
temperature-ethanol method of Cohn was tested on 
a solution of human fraction I, on bovine fibrino- 
gen solutions, and on normal and abnormal human 
oxalated plasma. Fractions III, 1V-1, IV-4, IV-7, 
and V accelerated the thrombin time of oxalated 
human plasma from a patient with lupus erythema- 
tosis (Table IV). They were without appreciable 
effect on normal oxalated plasma, and were ac- 


TABLE IV 


The effect of Cohn's fractions of normal plasma on the 
thrombin time of abnormal plasma 


Clotting time (sec.) of a mixture of 0.1 ml. fresh oxalated 
plasma from a patient with lupus erythematosus, 0.1 ml. 
fraction tested, and 0.2 ml. bovine thrombin (5 N.I.H. 
units/ml.). 








Final concentration of fraction (Gm./100 ml.) 





1.25 0.625 0.312 0.156 
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tually slightly inhibitory on bovine fibrinogen 
solutions. None of the fractions tested had any 
effect upon the thrombin time of solutions of hu- 
man Fraction I. 


The effect of calcium upon the thrombin time. 


The reaction between fibrinogen and thrombin 
is accelerated by the presence of calcium ions 
(1, 2, 5,6). Experiments were performed to de- 
termine the influence of calcium ions on the 
thrombin time of abnormal plasma. Oxalated 
plasma and thrombin solutions were treated with 
amberlite IRC-50 in the sodium phase to remove 
bivalent cations. Calcium chloride in varying con- 
centration was then mixed with the thrombin, and 
the mixture in turn added to the plasma. In some 
experiments, the plasma was first adsorbed with 
barium sulfate to remove prothrombin, serum pro- 


TABLE V 
The effect of calcium chloride on the thrombin time 


Clotting time (sec.) of a mixture of 0.2 ml. of oxalated 
plasma and 0.2 ml. of an equal mixture of bovine thrombin 
(20 N.I.H. units/ml.) and calcium chloride solution. The 
plasma had been adsorbed with barium sulfate. The 
plasma and thrombin had been treated with amberlite 
IRCSO to remove bivalent cations. The calcium chloride 
solutions were diluted serially with 0.15M sodium chloride 
to maintain a constant ionic sehen 








Final concentration of calcium chloride (M /léter) 





Plasma 0.0125 0.0062 0.0031 0.0015 0.0007 0.0004 0 


Normal 14 26 27 30 39 48 180 
Cirrhosis 18 34 44 52 62 86 00 








thrombin conversion accelerator and Christmas 
factor. In this way, the effect of calcium on the 
thrombin time was studied independently of any 
effect that this ion might have on the conversion 
of prothrombin to thrombin. 

These studies demonstrated that calcium short- 
ened the thrombin time of abnormal as well as 
normal plasmas. In some instances, this effect 
was sufficiently pronounced that no significant dif- 
ference between the normal and abnormal plasmas 
was detected. In others, the thrombin time was 
still prolonged relative to that of normal plasma 
even though the concentration of calcium ions was 
as high as 0.06M or more, an amount far in 
excess of that present in the circulating blood 
(Table V). 
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DISCUSSION 


Normal human plasma appears to have the 
property of accelerating the coagulation of fibrino- 


gen by thrombin. This accelerating property was 


not removed by defibrination by thrombin, by 
dialysis against saline solution, nor by adsorp- 
tion of the plasma with barium sulfate. 
celerating property was concentrated in that frac- 


The ac- 


tion of plasma which is precipitated between 33 
and 60 per cent saturation with ammonium sul- 
fate. In turn, the accelerator could be reprecipi- 
tated at a concentration of alcohol above 18 per 
cent at — 5° C. and ionic strength 0.1. The ac- 
celerating property was diminished in plasma 
which had been stored at 4° C. for several months, 
and in fresh plasma which had been heated to 
60° C. for 20 minutes. These characteristics seem 
to distinguish the accelerator of the conversion of 
fibrinogen to fibrin from prothrombin, serum pro- 
thrombin conversion accelerator, Christmas fac- 
tor, plasma thromboplastinogen, accelerator glob- 
ulin, and fibrinogen itself. 

Seegers and Smith (2) have shown that solu- 
tions of acacia will shorten the clotting time of 
mixtures of fibrinogen and thrombin. Whether 
the plasma accelerating property which has been 
described is due to the presence of a specific non- 
dialyzable substance, or is a non-specific colloidal 
property of the plasma proteins is not known. It 
is significant that, unlike acacia, neither the frac- 
tions prepared here nor those of Cohn accelerated 
the coagulation of purified fibrinogen by thrombin. 
This suggests that the mechanism by which plasma 
accelerates the clotting of fibrinogen is probably 
indirect. Perhaps it exerts its action by neutraliz- 
ing the naturally existing antithrombins which are 
found in plasma but not in solutions of fibrinogen. 
Experiments to determine its mode of action are in 
progress. 

Studies with proteins prepared by the low tem- 
perature-ethanol method of Cohn indicated that 
fractions III, IV, and V shortened the abnormally 
long thrombin time of the oxalated plasma of a 
patient with lupus erythematosus, but were with- 
out effect on normal plasma or on bovine or hu- 
man fibrinogen solutions. This observation is 
susceptible to several interpretations. For ex- 
ample, it is possible that the fractions contained 
a contaminant which shortened the thrombin time. 


Another possibility is that the accelerator is co- 
precipitated with proteins over a broad range of 
conditions, in the same manner that plasminogen 
is found in many plasma fractions. One cannot, 
of course, conclude that the accelerator found in 
these fractions is necessarily identical with those 
prepared by ammonium sulfate precipitation. 

It is known that bivalent cations will accelerate 
the conversion of fibrinogen to fibrin (1, 2, 5, 6). 
However, the data presented seem to preclude the 
possibility that the accelerating activity described 
was due to the presence of such cations; defibri- 
nated plasma which had been treated with a cation 
exchange resin still accelerated the clotting of 
normal plasma by thrombin. No evidence was 
obtained concerning the source of the plasma ac- 
celerator. Ware, Fahey, and Seegers (7) have 
described an accelerator of the fibrinogen-throm- 
bin reaction obtained from platelets. However, 
no differences were observed in the reaction be- 
tween fibrinogen and thrombin in the plasmas of 
thrombocytopenic as compared to normal sub- 
jects. Moreover, the plasma from which active 
fractions were obtained had been rendered plate- 
let-deficient by two successive centrifugations, 
suggesting that the accelerator did not arise from 
a destruction of platelets in vitro. 

When bovine thrombin was mixed with oxalated 
human plasma, the clotting time or thrombin time 
was strikingly uniform in normal subjects. How- 
ever, it has been demonstrated (1, 8, 9) that in 
patients with hepatic disease the thrombin time 
may be considerably prolonged. In the present 
study, these observations have been confirmed. 
Other conditions in which a prolonged thrombin 
time has been noted include the neonatal state (10), 
multiple myeloma (11), eclampsia and severe pre- 
eclampsia (12), amniotic fluid embolism (13), and 
lupus erythematosus (14). In contrast, the throm- 
bin time was normal in the plasma of normal par- 
turient women (15), patients with uncomplicated 
thrombocytopenic purpura (14), hemophilia (14) 
and some patients with obstructive jaundice (8). 
Unfortunately the thrombin time has not been 
normal in a sufficient proportion of those patients 
with obstructive jaundice who have been tested 
thus far to justify its use as a differential diagnostic 
test. 

Three possible mechanisms for a prolonged 
thrombin time were considered. Firstly, the reac- 
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tion between fibrinogen and thrombin might be 
slowed by an alteration either in the reactivity of 
fibrinogen or in the polymerization of the fibrin 
molecule. Secondly, the reaction between fibrino- 
gen and thrombin might be blocked by the pres- 
ence of an inhibitor. Thirdly, there might be a 
deficiency of the accelerating property which has 
been described. 

It seems likely that under different conditions, 
each of these three mechanisms may be responsible 
for a prolonged thrombin time. For example, 
Biggs (10) has reported that fibrinogen prepared 
from the plasma of the newly-born clotted after 
a longer time than the fibrinogen of adults, when 
each was mixed with thrombin. Similarly, in a 
case of cirrhosis, suggestive evidence was obtained 
that a prolonged thrombin time was due in part 
to the presence of fibrinogen which reacted more 
slowly than normal fibrinogen. Definitive studies 
could not be made because the patient died. Sec- 
ondly, Conley, Hartmann, and Morse (16) have 
described patients in whom the thrombin time 
was prolonged apparently because of the presence 
of a circulating anticoagulant. No such cases 
were observed in the present study. In still other 
patients with a prolonged thrombin time, the 
plasma behaved as if it were deficient in the ac- 
celerator of the coagulation of fibrinogen by throm- 
bin. However, the experiments which have been 
described do not preclude the possibility that the 
accelerator is present but in some way rendered 
ineffective. 

When the plasma and thrombin were mixed with 
calcium ions, the difference between normal and 
abnormal plasmas was decreased and in some cases 
disappeared, as had been reported earlier by Biggs 
and Macfarlane (1). Calcium ions have been 
shown to increase the tensile strength of fibrin 
clots (17, 18) and to decrease the solubility of 
such clots (19). This change in the fibrin mole- 
cule apparently requires the presence of a factor 
in the serum (20, 21). Recently, Shulman (22) 
has shown that this factor is present in fraction V 
of bovine plasma. No information is available as 
yet whether the factor which decreases the solu- 
bility of fibrin and the factor which shortens the 
thrombin time are the same. 

The prolongation of the thrombin time observed 
in pathologic plasma is, of course, a phenomenon 
demonstrated in vitro. Ordinarily, the thrombin 
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How- 


time is measured with oxalated plasma. 


ever, when calcium ions were added in the con- 
centration found in plasma, the thrombin time was 


still prolonged in many of the patients who were 
studied. For this reason, it is likely that a defect 
in the coagulation of fibrinogen by thrombin may 
be responsible for some instances of the hemor- 
rhagic phenomena which are often observed in pa- 
tients with liver disease, multiple myeloma, and 
eclampsia or severe pre-eclampsia. 

In a preliminary note, the name “thrombin ac- 
celerator” was proposed for the accelerating prin- 
ciple in plasma (23). This name seems inappro- 
priate. No evidence has been obtained that the 
accelerator affects the interaction between fibri- 
nogen and thrombin; it is entirely possible that its 
influence is upon the polymerization of fibrin. By 
analogy with the prothrombin conversion acceler- 
ators, it might be called “fibrinogen conversion 
accelerator,” but until more data are available, it 
might perhaps better go unnamed. 


SUMMARY 


The thrombin time, that is, the clotting time of 
a mixture of oxalated human and bovine thrombin, 
was prolonged in patients with liver disease, mul- 
tiple myeloma, eclampsia and severe pre-eclampsia. 
The conditions responsible for the prolongation of 
the thrombin time were investigated. These stud- 
ies indicate that normal plasma contains a heat- 
labile, non-dialyzable component which accelerates 
the coagulation of fibrinogen by thrombin. 
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SYPHILIS AND ACUTE GONORRHEA: ACHIEVING PROLONGED 
PENICILLIN BLOOD LEVELS WITH BICILLIN® 


(DI BENZYLETHYLENEDIAMINE DIPENICILLIN G) 


Clinical Investigation 


Penicillin therapy in venereal disease has been 
marked in recent years by a growing interest in 
single-session or minimum-dosage treatment. One 
of the obvious prerequisites is prolonged penicil- 
linemia. Studies have shown that such an effect is 
characteristic of Bicillin, persistent levels having 
been noted for as long as 28 days.’ As a conse- 
quence, the use of Bicillin in early syphilis and 
acute gonorrhea has been intensively investigated. 


PRELIMINARY ASSAYS OF PENICILLIN BLOOD LEVELS 


Studies undertaken in cooperation with the U. S. 
Public Health Service are reported on by Smith? 
and ©’Brien.* Preliminary assays had shown the 
following penicillin blood levels after single in- 
jections of from 2,300,000 to 2,500,000 units of 
Ricillin: 0.134 unit/cc. for the first week, 0.058 
unit/cc. for the second week, and 0.091 unit/cc. 
for the 16-day period of observation. Daily mean 
and median blood levels of 0.034 unit/cc. or better 
were obtained. Owing to the limited period of 
observation, no further assays were made by these 
investigators, but they point out that there was no 
evidence of a rapid decline in blood levels at the 
end of the assay program. 


RESULTS IN EARLY SYPHILIS 


In the Smith investigation,? 127 patients with 
darkfield positive primary or secondary syphilis 
were given a single injection of 2,500,000 units of 
Bicillin. The group comprised 20 seronegative pri- 
mary patients, 25 seropositive primary, and 82 
secondary syphilitic. All patients with seronegative 
primary syphilis remained seronegative, except for 
one patient who became seropositive during the 
week after treatment; this patient then reverted 
to seronegativity. After 6 months, seronegativity 
was demonstrated in 81 per cent of the seroposi- 
tive primary patients, in 65 per cent of the second- 
ary patients, and in 73 per cent of the total. Only 
4 patients required retreatment, but 3 of them had 
evidence of reinfection ; the remaining patient had 


a sustained rise in the quantitative serologic titer. 
These retreatments provided a cumulative rate of 
4.9 per cent. 

The Smith report concludes: “Preliminary data 
indicate that a single injection of 2,500,000 units of 
Bicillin, in early infectious syphilis, produces re- 
sults equal, if not superior, to those obtained with 
presently accepted treatment schedules.’ 


RESULTS IN ACUTE GONORRHEA 


In the ©’Brien study,® the therapeutic efficacy 
of a single injection of Bicillin was tested in three 
groups of male patients with acute gonorrheal 
urethritis. One group of 357 patients received 
300,000 units; a group of 546 patients received 
500,000 units; and a group of 125 patients re- 
ceived 2,500,000 units, a dose chosen because of 
its concurrent use in studies on syphilis. 

In correlating the results of treatment with the 
original laboratory findings, ()’Brien reports no 
proved failures. Of the 396 patients who returned 
for therapeutic evaluation after injection of either 
300,000 or 500,000 units, 97 per cent experienced 
rapid and permanent subsidence of all symptoms. 
Since the outcome was unknown in certain other 
cases, O'Irien estimates a minimal cure rate of 95 
per cent in patients receiving 300,000 units and 
Y8 per cent in those receiving either 500,000 or 
2,500,000 units. 
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